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PREFACE. 

TN the present edition I have been led to modify a 
good deal the account of the beat of the heart. 
Otherwise the changes are not great. 

M. FOSTER. 
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§ 1. Dissection, aided by luicroscopicnl examination, teaches 
IIS that the body of man is made up of certain kinds of materiai, 
SQ differing from each nther in optical and other physical characters 
and so built up together as to give the body certain structural 
features. Chemical examination further teaches us that these 
kinds of material are composed of various chemical substances, a 
large mTnJBffTof which have this characteristic that they possess a 
considerable amount of potential energy capable of being set free, 
rendered actual, by oxidation or some other chemical changed 
Thus tTrcTrBflyas a whole may, from a chemical point of view, be 
considered as a mass of various chemical substances, representing 
altogetRera coTlsiderable capital of potential enei^. 

§T TKTs Body may exist either as a living body or (for a 
certain time at least) as a dead body, and the living body may at 
any time l>ecome a dead body. At what is generally called the 
moment of death (but artificially so, for as we shall see the 
processes of death are numerous and gradual) the dead body so 
far as structure and chemical composition are concerned is exceed- 
ingly like the living body ; indeed the difTerences between the two 
are such as can be determined only by very careful examination, 
and are still to a large extent estimated by drawing inferences 
latlier than actually observed. At any rate the dead body at 
J moment of death resembles the living body in so far as it 
_n«»ent8 a capital of potential energy. From that moment 
MtWards however the capital is expended; by processes which 
"k bq^y those of oxidation, the eaergy it gradually dissipated, 
'"^ '' jJtgdy^hiefly in the form of heat. While tliese cnemi- 
168 are going on the structural features dissappear, and 
)Aj, with the loss of nearly all its energy, is at last resolved 
9 "dost and ashes." 
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2 THE LIVING AND THE DEAD BODY. 

The characteristi c of the dead body then is that, being a mass 
of substances of considerable potentiaT energy, it is always mor e 
orjeasjlowly losir^g ftnftrgy never g aini ng energ y; the capital of 
energy present at the moment of death is more or less slowly 
diminished, is never increased or replaced. 

§ 3. When on the other hand we study a living body we are 
struck with the following salient facts. 

1. The living body moves of itself, either moving one part of 
the body on another or moving the whole body from place to place. 
These movements are active ; the body is not simply pulled or 
pushed by external forces, but the motive power is in the body 
itself, the energy of each movement is supplied by the body itself. 

2. These movements are determined and influenced, indeed 
often seem to be started, by changes in the surroundings of the body. 
Sudden contact between the surface of the body and some foreign 
object will often call forth a movement. The body is sensitive to 
changes in its surroundings, and this sensitiveness is manifested 
not only by movements but by other changes in the body. 

3. It is continually generating heat and giving out heat to 
surrounding things, the production and loss of heat, in the case 
of man and certain other animals, being so adjusted that the 
whole body is warm, — that is, of a temperature higher than that 
of surrounding things. 

4. From time to time it eats, — that is to say, takes into itself 
supplies of certain substances known as food, these substances 
being in the main similar to those which compose the body and 
being like them chemical bodies of considerable potential energy, 
capable through oxidation or other chemical changes of setting 
free a considerable quantity of energy. 

5. It is continually breathing, — that is, taking in from the 
surrounding air supplies vt oxygen. 

6. It is continually, or from time to time, discharging from 
itself into its surroundings so-called waste matters, which waste 
matters may be broadly described as products of oxidation of the 
substances taken in as food, or of the substances composing the 
body. 

Hence the living body may be said to be distinguished from 
the dead body by three main features. 

The living body like the dead is continually losing energy 
(and losing it more rapidly than the dead body, the special 
breathing arrangements permitting a more rapid oxidation of its 
substance), but unlike the dead body is by means of food contin- 
ually restoring its^. substance and replenishing its store of energy. 

The energy set free in the dead body by the oxidation and 
other chemical changes of its substance leaves the body almost 
exclusively in the form of heat, whereas a great deal of energy 
leaves the living body as mechanical work, the result of various 
movements of the body ; and as we shall see a great deal of the 
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wliiuh ultimately leaves the body as heat exists for a wliilo 
the living body in other forms than heat, though eveutually 
transtoniied into heat. 

The changes in the siirrouiiiliugs affect the dead Imdy at a 
slow rate and in a genera! way only, siuiply lessening or increasing 
the amount or rate of chemical change and the tjuautity of 
heat thereby set free, but never diverting the energy into some 
other form, such as that of movement : whereas changes in the sur- 
roundings may in the case of the living body rapidly, profoundly, 
iind in special ways affect not only the amount but also the kind of 
■nergy set free. The dead body left to itself slowly falls to pieces, 
sluwly dissipates its store of energy, and slowly gives out heat. A 
' 'jher or lower temperature, more or leas moisture, a free or scanty 
ipply of oxygen, the advent of many or few putrefactive orgaji- 
ms, — these may quicken or slacken the rate at which energy is 
lieing dissipated but do not divert that energy from heat into 
motion ; whereas in the living body so slight a change of surround- 
ings as the mere touch by a hair of some particular surface, may 
M affect the setting free of energy as to lead to such a discharge 
* energy in the form of movement that the previously apparently 
lieaoent body may be suddenly thrown into the most violent 
ivulsions, 

The differences therefore between living substance and dead 
ibstance though recondite are very great, and the ultimate object 
Physiology is to ascertain how it is that living substance can do 
irhat dead substance cannot, — can renew its substance and replen- 
ish the energj- which it is continually losing, and can according to 
the nature of its surroundings vary not only the amount but also 
the kind of energy which it sets free. Thus there are two great 
divisions of Physiology: one having to do with the renewal of 
substance and the replenishment of energy, the other having to 
Jo with the setting free of energy. 

§ 4. Now, the body of man (or one of the higher animals) is a 
very complicated structure consisting of different kinds of mate- 
rial which we call tissues, such as muscular, nervous, connective, 
id tlie like, variously arranged in organs, such as heart, lungs, 
ilea, skin, etc., all built up to form the body according t<> 
morphological laws. But all this complication, though 
tvantAgeous and indeed necessary for the fuller life of man, is 
BOt essential to the existence of life. The amoeba is a living 
being ; it renews its substance, replenishes its store of energy, and 
acta free energy now in one form, now in another; and yet the 
loeba may be said to have no tissues and no organs ; at all events 
true of closely allied but not so well-known simple beings, 
the more familiar aniteba as a type, and therefore leaving on 
tlie nucleus, and any distinction between endosarc and 
we may say that its body is homogeneous in the sense 
■e divided it into small pieces, each piece would be like all 
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the others. In another sense it is not homi^eneous; for we 
know that the amccba receives into ita substance material as food, 
and that this food or part of it ramains lodged in the body until 
it is made use of and built up into the living substance of the 
body ; and each piece of the living substance of the body must 
have in or near it some of the material which it is about to build 
up into itself. Further, we know that the amisba gives out waste 
matters, such as carbonic acid and other substances ; and each piece 
of the amoBba must contain some of these waste matters about to 
be, but not yet, discharged from the piece. Eac h piece of th e 
amcGba will therefore contain these three things rthe_aEtua l living 
suljiBance, the food about to become living substance, and tlie 
waalt-jaatterB which have ceased t o be living Ruba tlance. 

Tiloreover, we have reasons to think tharUie living substance 
does not break down into the waste matters which leave the body 
at a single bound, but that there are stages in the downward 
progress between the one and the other. Similarly, though oiir 
knowledge on this point is less sure, we have reason to think 
that the food is not incorporated into the living substance at a 
single step, but that there are stages in the upward progress 
from the dead food to the living substance. Each pieceof the 
body of the amoeba will therefore contain substances represent- 
ing various stages of becoming living, and of ceasing to be 
living, as well as the living substance itself. And we may 
safely make this statement though we are quite unable to draw 
the line where the dead food on ita way up becomes living, or the 
living substance on its way down becomes dead. 

§ 6. Nor is it necessary for our present purpose to be able to 
point out under the microscope, or to describe from a histological 
point of view, the parts which are living and the parts which are 
dead food or dead waste. The body of the amceba is frequently 
spoken of as consisting of ' protoplasm.' The name was originally 
given to the matter forming the primordial utricle of the vegetable 
cell as distinguished from the cell wall on the one hand, and from 
the fluid contents of the cell or cell sap on the other, and also 
we may add from the nucleus. It has since been applied verj' 
generally to such parts of animal bodies as resemble, in their 
general features, the primordial utricle. Thus the body of a white 
blood corpuscle, or of a gland cell, or of a nerve cell, ia said to 
consist of protoplasm. Such parts of animal bodies as do not in 
their general features resemble the matter of the primordial utricle 
are not called protoplasm, or, if they at some earlier stage did bear 
such resemblance, but no longer do so. are sometimes, as in the case 
of the substance of a muscular fibre, called ' difl'erentiated proto- 
plasm.' Protoplasm in this sense sometimes appears, as in the 
outer part of most aracebie, as a mass of glassy-looking material, 
either continuous or interrupted by more or less spherical spaces 
or vacuoles filled with tliud, sometimes as in a gland cell as a more 
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refractive, cloiidy-lookiog, or fiuely fjranular material arranged in a 
more or leas irregular network, or spoiigework^ the interalices of 
wliicli are occupied either by Huid or by some material different from 
itself. We shall return however to the features of this 'proto- 
plasm ' when we come to treat of white blood corpuiicles and other 
' protoplasmic ' structures. Meanwhile it is suHicient for our pres- 
ent purpose to note that lodged in the protoplasm, discontinuous 
with it, and forming no part of it, are in the first place collections 
of fluid, of watery solutions of various substances, occupying the 
more regular vacuoles or the more irregular spaces of the network, 
and in the second place discrete granules of one kind or another, 
also forming no part of the protoplasm itself, but lodged either in the 
bars or substance of the protoplasm or in the vacuoles or meshes. 

Now, there caii^be little doubt that.the riuids and the discrete 
granules are dead food or dead waste, but the present" state of 
ourkiiowledge will not permit us to~ make any very definite 
statement about the protoplasm itself. We may probably conclude, 
indeed we may be almost sure, that protoplasm in the above sense 
is not all living substance ; that it is made up ]mrtly of the r eal 
li ving substa nce, and partly of materia IwTiich is" Tiecoming living 
or IiM_iaag.e3~to T]e_ living ; and in the case where protoplasm is 
({escnbed as forming a network, it is possible that some of the 
material occupying the meshes of the network may be, like part of 
the network itself, really alive. ' Protoplasm ' in fact, as in the 
sense in which we are now using it, and shall continue to use it, 
is a morpkoloffical term ; but it must be borne iu mind that the 
same word ' protoplasm ' is also frequently used to denote what 
we have just now called 'the real living substance' The word 
tlieu embodies a pki/iiolugical idea ; so used it may be applied to 
the living substance of all living structures, whatever the micro- 
scopical features of those structures ; in this sense it cannot at 
present, and possibly never will be reci^uised by the microscope, 
find our knowledge of its nature must be based on inferences. 

Kipping then to the phrase 'living substance' we may say 
that each piece of the biMly of the amffiba consists of living 
.Aubstance in which are lodged, or with which are built up in 
some way or other, food and waste in various stages. 

Now. an amoeba may divide itself into two, each half exhibiting 

I the phenomena of the whole ; and we can easily imagine the 

process to be repeated until the amiBba was divided into a 

lultitude of exceedingly minute amcebfe, each having all the 

tperties of the original. Hut it is obvious, as in the like 
ivision of a mass of a chemical substance, that the division could 
Dot be repeated indefinitely. Ju.''t as in division of the chemical 
toaas we come to the cliemical molecule, further division of which 
changes the properties of the substance, so in the continued 
Tivision of the amceba we should come to a stage in which further 
iivision interfered with the physiological actions; we should come 
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to a physiological unit, corresponding to but greatly more complex 
than the chemical molecule.^ Thisunit to remain a physiologi- 
cal unit and to continue to live nfust "contain not only ler^orlion rbf 
the living substance but also the food for that living substance, 
in several at least of the stages, from the initial raw food up to tlT5" 
final * living ' stages, and must similarly contain various stages of 
waste. 

§ 6. Now, the great characteristic of the typical amoeba (leav- 
ing out the nucleus) is that, as far as we can ascertain, all the physi- 
ological units are alike ; they all do the same things. Eacfi and 
every part of the body receives food more or less raw and builds 
it up into its own living substance ; each and every part of the 
body may be at one time quiescent and at another in motion ; 
each and every part is sensitive and responds by movement or 
otherwise to various changes in its surroundings. 

The body of man, in its first stage, while it is as yet an ovum, 
if we leave aside the nucleus and neglect differences caused by the 
unequal distribution of food material or yolk, may also be said to 
be composed of like parts or like physiological units. 

By the act of segmentation however the ovum is divided into 
parts or cells which early shew ditlerences from each other; and 
these differences rapidly increase as development proceeds. _Spme 
cells put on certain characters and others other characters iJtb^t 
is to say, the cells undergo histolor/ical differentiation. And this 
takes place in such a way that a number of cells lying together 
in a group become eventually converted into a tissi(4i ; and the 
whole body becomes a collection of such tissues arranged together 
according to morphological laws, each tissue having a definite 
structure, its cellular nature being sometimes preserved, sometimes 
obscured or even lost. 

This histological differentiation is accompanied by a physio- 
logical division of lahoiir, Kach tissue may be supposed to be 
composed of physiological units, the units of the same tissue being 
alike but differing from the units of other tissues ; and corre- 
sponding to this difference of structure, the units of different 
tissues behave or act differently. Instead of all the units as in 
the amoeba doing the same things equally well, the units of one 
tissue are told off" as it were to do one thing especially well, or 
especially fully, and thus the whole labour of the body is divided 
amonu tlie several tissues. 

§ 7. The several tissues may thus l)e classified according to 
the work which they have to do ; and the first great distinction is 
into (1) the tissues which are concerned in the setting free of 
energy in special ways, and (2) the tissues which are concerned in 
replenishing the substance and so renewing the energy of the body. 

Each physiological unit of the amceba while it is engaged in 

1 Such a pliysiological unit might ])e caHed a somacnle. 
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(ttiiij,' free eiiei^y so ns to move itself, ami liy reason of its 

lajliveiiess so directing that enei;gy as tu produce a movement 

table to the conditions of its surroundings, lias at the same 

to bear the labour of taking in raw food, of selecting that 

of the raw food which is useful and rejecting that whicli 

useless, and of working up the accepted part through a variety 

stages into its own living substance ; that is to say, it has at 

■■ same time that it is feeling and moving to carry on the work 

iligesting and assimilating. It has moreover at the same time 

throw out the waste matters arising from the changes taking 

ice ill its own substance, having Hrst brought these waste 

tters into a condition suitable tor being thrown out. 

§ 8. In the body of man, movements, as we shall see, are broadly 

ipeaking carried out by means of muscular tissue, and the changes 

in muscular tissue which lead to the setting free of energy in the 

form of movement are directed, governed, and adapted to the 

surrouniiings of man, by means of nervous tissue. Rays of light 

fall on the nervous substance of the eye called the retina, and set 

U[' in the retina changes which induce in the optic nerve other 

'langes, which in turn are propagated to the brain as nervous 

ip^sea, both tlie excitation and the propagation involving an 

ixpenditure of energy. These nervous impulses reaching the brain 

ay induce other nervous impulses which travelling down certain 

irves tu certain muscles may lead to changes in those muscles 

which they suddenly grow short and pull upon the bones or 

other structures to which they are attached, in which case we say 

the man starts; or the nervous impulses reaching the brain may 

produce some other effects. Similarly, sound falling on the ear, 

or contact between theskiu and some foreign body, or some change 

the air or other surroundings of the body, or some change within 

le body itself may so affect the nervous tissue of the body that 

nvous impulses are started aud travel to this point or to that, 

to the brain or elsewhere, and eventually may either reach some 

muscular tissue and so give rise to movements, or may reach 

other tissues and produce some other effect. 

The mnscular tissue then may be considered as given up to 
: production of movement, and the nervous tissue as given 
to the generation, transformation, and propagation of nervons 
ipulses. In each case there is an expenditure of energy, which 
the case of the muscle, as we shall see, leaves the body partly 
heat, and pnrtly as work done, but in the case of nervous tissue 
wholly or almost wholly tmnsfornied into heat before it leaves 
body ; and this expenditure necessitates a replenishment of 
irgy and a ri^newal of substance. 

"ft In order that these master tissues — tlie nervous and 
lalar tissues — may carry on their important works to the best 
'ADtoge, they are relieved of much of the labour that falls upon 
physiolc^ical unit of the amoeba. They are not presented 
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with raw food ; they are not required to carry out the necessary 
trans formatioDB of their immediate waste matters. The whole of 
the rest of tlie body is engaged (1) in so preparing the raw food. 
and so bringing it to the nervous and mnscular tissues that these 
may huild it up into their own substance with the least trouble ; 
and (2) in receiving the waste matters which arise in muscular 
and nervous tissues, and preparing them for rapid and easy 
ejection from the body. 

Thus to certain tissues, which we may speak of broadly as 
' tissues of digestion,' is allotted the duty of acting on the food and 
preparing it for the use of the muscular and nervous tissues ; and 
to other tissues, which we may speak of as ' tissues of excretion,' 
is allotted the duty of clearing the body from the waste matters 
generated by the muscular and nervous tissues. 

§ 10. These tissues are for the most part arranged in machines 
or mechanisms called organs, and the working of these organs in- 
volves movement. The movements of these organs are carried out, 
like the other movements of the body, chiefly by means of muscular 
tissue governed by nervous tissue. Hence we may make a dis- 
tinction between the muscles which are concerned in producing an 
effect on the world outside man's body — the muscles by which 
man does his work in the world — and the muscles which are con- 
cerned in carrying out the movements of the internal organs ; and 
we may similarly make a distinction between the nervous tissue 
concerned in carrying out the external work of the body and that 
concerned in regulating the movements and, as we shall see, the 
general conduct of the internal organs. But these two classes of 
muscular and nervous tissue though distinct in work and, as we 
shall see, often different in structure, are not separated or isolated. 
On the contrary, while it is the main duty of the ner\'ous tissue as 
a whole (the nervous system, as we may call it} to cany out, by 
means of nervous impulses passing hither and thither, what may 
be spoken of as the work of man, and in this sense is the master 
tissue, it also serves as a bond of union between itself and the 
muscles doing external work on the one hand, and the organs of 
digestion or excretion on the other, so that the activity and con- 
duct of the latter may be adequately adapted to the needs of the 
former. 

§ 11. Lastly, the food prepared and elaborated by the digestive 
organs is carried and presented to the muscular and nervous 
tissues in the form of a complex fluid known as blood, which 
driven by means of a complicated mechanism known as the 
vascular system, circulates all over the body, visiting in turn all 
the tissues of the body, and by a special arrangement known as 
the respiratory mechanism, carrying in itself to the several tissues 
a supply of oxygen as well as of fooit more properly so called. 

'The motive power of this vascular system is supplied as in the 
case of the digestive system by means of muscular tissue, the 
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is similarly governed by tli 
Df blood to this part or t 
according to the needs of the part. 

§ IS. The above slight sketch will perhaps suffice to shew 
not only how numerous but how varied are the problems with 
which Physiology has to deal. 

In the first place there are what may be called general prob- 
iiDs, Buch as, How the food after its preparation and elaboration 
to blood is built up into the living substance of the several 
issues ? How the living substance breaks down into the dead 
'Waste 7 How the building up and breaking down differ in the 
different tissues in such a way that energy is set free in different 
modes, — the muscular tissue contracting, the nervous tissue thrill- 
ing with a nervous impulse, the secreting tissue doing chemical 
work, and the like ? To these general questions the answers which 
we can at present give can hardly be called answers at all. 

In the second place there are what may be called special 
problems, such as. What are the various steps by which the blood 
is kept replenished with food and oxygen, and kept tree from an 
accumulation of waste, and how is the activity of the digestive. 
respiratory, and excretory oipins, which effect this, regulated and 
adapted to the stress of circumstances ? What are the details 
of the working of the vascular mechanism by which each and 
every tissue is forever bathed with fresh blood, and how is tliat 
working delicately adapted to all the varied changes of the body 7 
And, compared with which all other special problems are insignifi- 
cant and preparatory only. How do nervous impulses so flit to and 
fro within the nervous system as to issue in the movements which 
make np what we sometimes call the life of man ? It is to these 
problems that we must chiefly confine our attention, and 

may fitly begin with a study of the blood. 
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BLOOD. THE TISSUES OF MOVEMENT. THE 

VASCULAR MECHANISM. 
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I 13. The several tissues are traversed by minute tubes, — the 
capillary blood vessels, — to which bluod is brought by the arteries, 
and from which blood is carried away by the veins. These 
capillaries form networks the meshes of which, differing in form 
and size in the different tissues, are occupied by the elements of 
the tissue which ctmsequently lie outside the capillaries. 

The blood flowing througlj the capillaries consists, under normal 
inditions, of an almost colourless fluid, the plasma, in which are 
■ied a number of bodies, the red and the white corpusrlea. 
>utside the capillar}' walls, filling up such spaces as exist between 
capillary walls and the cells or fibres of the tissue, or between 
elements of the tissue themselves, is found a colourless fluid, 
lembling in many respects the plasma of blood and called 
lymph. Thus all the elements of the tissue and the outsides of 
all the capillaries are bathed with lymph, which, as we shall 
see hereafter, is continually flowing away from the tissue along 
tecial channels to pass into lymphatic vessels and thence into 
le blood. 
As the blood flows through the capillaries certain constituents 
^ the plasma (together with, at times, white corpuscles, and 
nnder exceptional circumstances red corpuscles) pass through 
the capillary wall into the lymph, and certain constituents of the 
lymph pass through the capillary wall into the blood within ttie 
capillar;'. There is thus an interchange of material between 
the blorrd within the capillary and the lymph outside. A similar 
interchange of material is at the same time going on between the 
lymph and the tissue itself. Hence, by means of the lymph acting 
as middleman, a double interchange of material takes place between 
the blood within the capillary and the tissue outside the capillary. 
In every tissue, so long as life lasts and the blood flows through 
the blood vessels, a double stream, now rapid now slow, is passing 
from the blood to the tissue and from the tissue to the blood. 
The stream from the blood to the tissue carries to the tissue 
the material which the tissue needs for building itself up and 
doing its work, inchiding the all-important oxygen. The 
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stream from the tissue to the blood carries into the blood certain 
of the products of the chemical changes which have been taking 
place in the tissue, — products which may be simple waste, to be 
cast out of the body as soon as possible, or which may be bodies 
capable of being made use of by some other tissue. 

A third stream, that from the lymph lying in the chinks and 
crannies of the tissue along the lymph channels to the larger 
lymph vessels, carries away from the tissue such parts of the 
material coming from the blood as are not taken up by the tissue 
itself and such parts of the material coming from the tissue as do 
not find their way into the blood vessel. 

In most tissues, as in muscle for instance, the capillary net- 
work is so close set and the muscular fibre lies so near to the 
blood vessel that the lymph between the two exists only as a very 
thin sheet ; but in some tissues, as in cartilage, the blood vessels 
lie on the outside of a large mass of tissue, the interchange be- 
tween the central parts of which and the nearest capillary blood 
vessel is carried on through a long stretch of lymph passages. But 
in each case the principle is the same : the tissue, by the help of 
lymph, lives on the blood; and when in succeeding pages we 
speak of changes between the blood and the tissues, it will be 
understood, whether expressly stated so or no, that the changes 
are effected by means of the lymph. The blood may thus be 
regarded as an internal medium bearing the same relations to 
the constituent tissues that the external medium, the world, does 
to the whole individual. Just as the whole organism lives on the 
things around it, its air and its food, so the several tissues live on 
the complex fluid by which they are all bathed and which is to 
them their immediate air and food. 

All the tissues take up oxygen from the blood and give up 
carbonic acid to the blood, but not always at the same rate or at 
the same time. Moreover the several tissues take up from the 
blood and give up to the blood either different things or the same 
things at different rates or at different times. 

From this it follows, on the one hand, that the composition and 
characters of the blood must be for ever varying in different parts 
of the body and at different times ; and on the other hand, that 
the united action of all the tissues must tend to establish and 
maintain an average uniform composition of the whole mass of 
blood. The special changes which blood is known to undergo 
while it passes through the several tissues will best be dealt with 
when the individual tissues and organs come under our considera- 
tion. At present it will be sufficient to study the main features 
which are presented by blood, brought, so to speak, into a state of 
equilibrium by the common action of all the tissues. 

Of all these main features of blood, the most striking if not 
the most important is the property it possesses of clotting when 
shed. 





§ 14. Blood, when shed from the blood vessels of a living body, 
is perfectly Huid. In a short time it becomes viscid ; it flows less 
readily from vessel to vessel. The viscidity increases rapidly until 
the whole mass of blood under observation becomes a complete 
jelly. The vessel into which it has been shed can at this stage be 
inverted without a drop of the blood being spilt. The jelly is of 
the same bulk as the previously fluid blood, aud if carefully shaken 
out will present a complete mould of the interior of the vessel. 
If the blood in this jelly stage be left untouched in a glass vessel, 
a few drops of an almost colourless fluid soon make their appearance 
OD the surface of the jelly. Increasing in number, and running 
together, the drops after a while form a superticial layer of pale 
■•traw-coloured fluid. Later on, similar layers of the same fluid are 
Men at the sides and Anally at the bottom of the jelly, which, 
ahru&k to a smaller size and of flrmer consistency, now forms a 
clot or crassamentiim, floating in a perfectly fluid serum. The 
shrinking and condensation of the clot, and the corresponding 
increase of the serum, continue for some time. The upper surface 
ct the clot is generally slightly concave. A portion of the clot 
examined under the microscope is seen to consist of a feltwork of 
.fine granular fibrils, in the meshes of which are entangled the red 
id white corpuscles of the blood. In the serum uotbini^ can be 
in but a few stray corpuscles, chiefly white. The fibrils are 
aposed of a substance called fibrin. Hence we may speak 
Uie clot as consisting of fibrin and corpuscles ; and the act 
clotting is ob^iou3ly a substitution for the plasma of fibrin 
i semm, followed by a separation of the fibrin aud coqiuscles 
from the serum. 

In man, blood when shed becomes viscid in about two or 
three minutes, and enters the jelly stage in about five or ten 
minutes. After the lapse uf another few minutes the first drops 
flenim are seen, and clotting ia generally complete in from one 
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to several hours. The times however will be found to vary accord- 
ing to circumstances. Among animals the rapidity of clotting 
varies exceedingly in different species. The blood of the horse 
clots with remarkable slowness ; so slowly indeed that many of the 
red and also some of the white corpuscles (both these being si)eci- 
fically heavier than the plasma) have time to sink before viscidity 
sets in. In consequence there appears on the surface of the blood 
an upper layer of colourless plasma, containing in its deeper por- 
tions many colourless corpuscles (which are lighter than the red). 
This layer clots like the other parts of the blood, forming the so- 
called * bufify coat.' A similar buffy coat is sometimes seen in the 
blood of man, in certain abnormal conditions of the body. 

If a portion of horse's blood be surrounded by a cooling 
mixture of ice and salt, and thus kept at about 0°C., clotting 
may be almost indefinitely postponed. Under these circumstances 
a more complete descent of the corpuscles takes place, and a 
considerable quantity of colourless transparent plasma free from 
blood-corpuscles may be obtained. A portion of this plasma 
removed from the freezing mixture clots in the same manner as 
does the entire blood. It first becomes viscid and then forms a 
jelly, which subsequently separates into a colourless shrunken clot 
and serum. This shews that the corpuscles are not an essential 
part of the clot. 

If a few cubic centimetres of this colourless plasma, or of a 
similar plasma which may be obtained from almost any blood by 
means which we will presently describe, be diluted with many 
times its bulk of a 0-6 p.c. solution of sodium chloride^ clotting is 
much retarded, and the various stages may be more easily watched. 
As the fluid is becoming viscid, fine fibrils of fibrin will be seen to 
be developed in it, especially at the sides of the containing vessel. 
As these fibrils multiply in number, the fluid becomes more and 
more of the consistence of a jelly and at the same time somewhat 
opaque. Stirred or pulled about with a needle, the fibrils shrink 
up into a small, opaque, stringy mass ; and a very considerable 
bulk of the jelly may by agitation be resolved into a minute 
fragment of shrunken fibrin floating in a quantity of what is 
really diluted serum. If a specimen of such diluted plasma 
be stirred from time to time, as soon as clotting begins, with a 
needle or glass rod, the fibrin may be removed piecemeal as it 
forms, and the jelly stage may be altogether done away with. 
When fresh blood which has not yet had time to clot is stirred or 
whipped with a bundle of rods (or anything presenting a large 
amount of rough surface), no jelly-like clotting takes place, but 
the rods become covered with a mass of shrunken fibrin. Blood 
thus whipped until fibrin ceases to be deposited, is found to have 
entirely lost its power of clotting. 

^ A solution of sodium chloride of this strength will hereafter be spoken of as 
' normal saline solution.' 
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^/Putting these facts together, it is very clear that the pheno- 
mena of the clotting of blood are caused by tlie appearance in the 
plasma of fine fibrils of fibrin. So long as these arc scanty, the 
blood is simply viscid. When they become sufficiently numerous, 
they give the blood the firmness of a jelly. Soon after their 
formation tbey begin to shrink, and while shrinking enclose in 
their meshes the corpuscles but squeeze out the fiuid parts of tbe 
blood. Hence the appearance of tbe shrunken coloured clot and 
the colourless serum. ^ 

§ 15. Fibrin. whetherobtained by whipping freshly-abed blood, 
or by washing either a normal clot, or a clot obtained from colour- 
less plasma, exhibits the same general characters. It belongs to 
that class of complex unstable nitrogenous bodies called proUtds 
which form a large portion of all living bodies and an essential 
part of all living structures. 

Our knowledge of proteida is at present too imperfect, and 
probably none of them have yet been prepared in adequate purity, 
to justify us in attempting to assign to them any definite formula; 
but it is important to remember their general composition. O^ 00 
parts of a proteid contain rather more than 50 parts of carbon, 
rather more than 15 of nitrogen, about 7 of hydrogen, and rather 
more than 20 of oxygen ; that is to say, they contain about half 
their weight of carbon, and only about ^th their weight of nitrc^en; 
and yet as we shall see they are eminently the nitrogenous sub- 
stances of the body. They usually contain a small quantity 
(1 or 2 p.c.) of sulphur, and many also have some phosphorua 
attached to them in some way or other. When burnt they leave 
a variable quantity of ash, consisting of inorganic salts of which 
the bases arc chiefly sodium and potassium and the acids chiefly 
hydrochloric, sulphuric, phosphoric, and carbonic. 

They all give certain reactions, by which their presence may 
be recc^nised ; of these the most characteristic are the following : 
Boiled with nitric acid they give a yellow colour, which deepens 
into orange upon the addition of ammonia. This is called the 
xantkopruteic test : the colour is due to a product of decomposi- 
tion. Boiled with thi? mixture of mercuric and mercurous 
nitrates known as Millons reagent they give a pink colour. 
Mixed with a strong solution of sodic hydrate they give on the 
addition of a drop or two of a very weak solution of cupric sul- 
phate a violet colour which deepens on heating. These are artificial 
reactions, not throwing much if any light im the constitution of 
proteids ; but they are useful as practical tests enabling us to 
detect the [iresence of proteids. 

The several members of the proteid group are at present dis- 
tinguished from each other chiefly by their respective solubilities, 
, eapeciolly in various saline solutions. Fibrin is one of the least 
I soluble ; it is insoluble in water, almost insoluble in dilute neutral 
solutions, very sparingly soluble in more concentrated 
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neutral saline solutions and in dilute acids and alkalis, but is 
easily dissolved in strong acids and alkalis. In the process of 
solution it becomes changed into something which is no longer 
fibrin. In dihite acids it swells up and becomes transparent, but 
when the acid is neutralized returns to its previous condition. 
When suspended in water and heated to 100° C. or even to 75° C, 
it becomes changed ; it is still less soluble than before. It is said 
in this case to be coagulated by the heat ; and as we shall see, 
nearly all proteids have the property of being changed in nature, 
of undergoing coagulation and so becoming less soluble than 
before, by being exposed to a certain high temperature. 

Fibrin then is a proteid distinguished from other proteids by 
its smaller solubility ; it is further distinguished by its peculiar 
filamentous structure, the other proteids when obtained in a solid 
form appearing either in amorphous granules or at most in viscid 
masses. 

§ 16. We may now return to the serum. 

This is perfectly fluid, and remains fluid until it decomposes. 
It is of a faint straw colour, due to the presence of a special 
pigment substance, differing from the red matter which gives 
redness to the red corpuscles. 

Tested by the xanthoproteic and other tests it obviously 
contains a large quantity of proteid matter, and upon examination 
we find that at least two distinct proteid substances are present 
in it. 

If crystals of magnesium sulphate be added to serum and 
gently stirred until they dissolve, it will be seen that the serum 
as it approaches saturation with the salt becomes turbid instead 
of remaining clear, and eventually a white amorphous granular or 
flocculent precipitate makes its appearance. This precipitate may 
be separated by decantation or filtration, washed with saturated 
solutions of magnesium sulphate, in which it is insoluble, until 
it is freed from all other constituents of the serum, and thus 
obtained fairly pure. It is then found to be a proteid body, 
distinguished by the following characters among others : — 

1. It is (when freed from any adherent magnesium sulphate) 
insoluble in distilled water ; it is insoluble in concentrated 
solutions of neutral saline bodies, such as magnesium sulphate, 
sodium chloride, &c., but readily soluble in dilute (e.g. 1 p.c) 
solutions of the same neutral saline bodies. Hence from its 
solutions in the latter it may be precipitated either by adding 
more neutral saline substance or by removing by dialysis the 
small quantity of saline substance present. When obtained in a 
precipitated form, and suspended in distilled water, it readily 
dissolves into a clear solution upon the addition of a small quan- 
tity of some neutral saline body. By these various solutions and 
precipitations it is not really changed in nature. 

2. It readily dissolves in very dilute acids (e.g. in hydro- 
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chloric acid even when diluted to far less than 1 p.c.), and it is 
eimilarly soluble in dilute alkalis ; but in being thus dissolved it is 
changed in nature, and the solutions of it in dilute acid and dilute 
alkalis give reactions quite difl'erent from those of the solution 
of the substance in dilute neutral saline solutions. By the acid 
it is converted into what is called acid-eilbvmin, by the alkali 
into alkali-albumin, both of which bodies we shall have to study 
later on. 

3. When it is suspended in water and heated it becomes 
altered in character, coaijulaUd, and all its reactions are changed. 
It ia no longer soluble in dilute neutral saline solutions, not even 
in dilute acids and alkalis ; it has become coagulated proteid, and 
is now even less soluble than fresh fibrin. When a solution of it 
in dilute neutral saline solution is similarly heated, a similar 
change takes place : a precipitate falls down which on examination 
is found to be coagulated proteid. The temperature at which 
this change takes place is somewhere about 75° C, though shift- 
ing slightly according to the quantity of saline substauce present in 
the solution. 

The above three reactions are given by a number of proteid 
bodies forming a group called </lobuHtis, and the particular glubuhn 
present in blood-serum, is called paraylobulin. 

One of the proteids present in blood-serum ia then para- 
globulin, characterised by its solubility in dilute neutral saline 
solutions ; its insolubility in distilled water and concentrated saline 
solutions ; ita ready solubility, and at the same time conversion 
iut*> other bodies, in dilute acids and alkalis ; and in its l>ecoming 
converted into coagulated proteid, and so being precipitated from 
its solutions at 75° C. 

The amount of it present in blood-serum varies in various 
animals, and apparently in the same animal at different times. In 
100 parts by weight of serum there are generally present about 
8 or 9 parts of proteids altogether ; and of these some 3 or 4, more 
or less, may be teken as paraglobuliti. 

§ 17. If the serum from which the paraglobulin has been 
precipitated by the addition of neutral salt, and removed by fil- 
tntion, be subjected to dialysis, the salt added may be removed, 
and a clear, somewhat diluted serum free from paraglobulin may 
be obtained. 

This still gives abundant proteid reactions, so that the serum 
still contains a proteid, or some proteids still more soluble than 
th« globulins, since they will remain in solution, and are not 
procipiteted. even when dialysis is continued until the serum ia 
pmetically freed from both the neutral salt added to it and the 
lUITusible salts previously present in the natural serum. 

When this serum is heated to 75° C. a precipitate makes its 
appearance ; the proteids still present ate coagulated at this 
temperature. 
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We have some reasons for thinking that more than one proteid 
is present ; but they are all closely allied to each other, and we 
may for the present speak of them as if they were one, and call 
the proteid left in serum, after removal of the paraglobulin, by the 
name of albumin, or, to distinguish it from other albumins found 
elsewhere, serum-albumin. Serum-albumin is distinguished by 
being more soluble than the globulins, since it is soluble in dis- 
tilled water, even in the absence of all neutral salts. Like the 
globulins, though with much less ease, it is converted by dilute 
acids and dilute alkalis into acid- or into alkali-albumin. 

The percentage amount of serum-albumin in serum may be 
put down as 4 or 5, more or less ; but it varies, and sometimes is 
less abundant than paraglobulin. In some animals (snakes) it is 
said to disappear during starvation. 

The more important characters of the three proteids which we 
have just studied may be stated as follows : — 

Soluble in water and in saline solutions of all 

strengths . serum-albumin. 

Insoluble in water, readily soluble in dilute 
saline solutions, insoluble in concentrated 
saline solutions paraglobulin. 

Insoluble in water, hardly soluble at all in 
dilute saline solutions, and very little solu- 
ble in more concentrated saline solutions . fibrin. 

Besides paraglobulin and serum-albumin, serum contains a 
very large number of substances, generally in small quantity, 
which, since they have to be extracted by special methods, are 
called extractives ; of these some are nitrogenous, some non- 
nitrogenous. Serum contains in addition important inorganic 
saline substances ; but to these we shall return. 

§ 18. With the knowledge which we have gained of the pro- 
teids of clotted blood we may go back to the question : Clotting 
being due to the appearance in blood plasma of a proteid sub- 
stance, fibrin, which previously did not exist in it as such, what 
are the causes which lead to the appearance of fibrin ? 

We learn something by studying the most important external 
circumstances which affect the rapidity with which the blood of 
the same individual clots when shed. These are as follows : — 

A temperature of about 40° C, which is about or slightly above 
the temperature of the blood of warm-blooded animals, is perhaps 
the most favourable to clotting. A further rise of a few degrees is 
apparently also beneficial, or at least not injurious ; but upon a still 
further rise the effect changes, and when blood is rapidly heated 
to 56° C. no clotting at all may take place. At this temperature 
certain proteids of the blood are coagulated and precipitated 
before clotting can take place, and with this change the power of 
the blood to clot is wholly lost. If however the heating be not 
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very rapid, the blood may clot before ttis change has time to come 
on. When the temperature instead of being raised is lowered 
below 40° C, the clotting becomes delayed and prolonged; and at 
the temperature of 0° or 1° C. the blood will remain fluid, and yet 
capable of clotting when withdrawn from the adverse circumstances, 
fur a very long, it might almfjst be said for an indefinite, time. 

A small quantity of blood shed into a small vessel clots sooner 
than a large quantity shed into a larger one ; and in general the 
greater the amount of foreign surface with which the blood comes 
in contact tlie more rapid the clotting. When shed blood is 
stirred or " whipped " the fibrin makes its appearance sooner than 
when the blood is left to clot in the ordinary way ; so that here 
too the accelerating intluence of contact with foreign bodies makes 
itself felt. Similarly, movement of shed blood hastens clotting;, 
since it increases the amount of contact with foreign bodies. So 
also the addition of spongy platinum or of powdered charcoal, or 
of other inert powders, to tardily clotting blood, will by influence 
of surface, hasten clotting. Conversely,blood brought into contact 
with pure oil does not clot so rapidly as when in contact with glass 
or metal ; and blood will continue to flow fur a longer time without 
clotting through a tul>e smeared inside with oil than through a 
tube not so smeared. The influence of the oil in such cases is a 
physicAl not a chemical one ; any pure, neutral, inert oil will do. 
As far as we know, these influences afTect only the rapidity with 
which the clotting takes place ; that is, the rapidity with which the 
fibrin makes its appearance, not the amount of clot, not the quan- 
tity of fibrin formed, though when clotting is very much retarded 
by cold changes may ensue whereby the amount of clotting which 
eventually takes place is indirectly affected. 

Mere exposure to air exerts apparently little inHuence on the 
process of clotting, lilood collected direct from a bhiod-vessel 
over mercurj' so as wholly to exclude the air, clots, in a general 
way, as readily aa blood freely exposed to the air. It is only when 
blood is much laden with carbonic acid, the presence of which is 
antagonistic to clotting, that exclusion of air, by hindering the 
escape of the excess of carbonic acid, delays clotting. 

These facts teach us that flbrin does not as was once thought 
make its appearance in shed blood because the blood when shed 
ceases to sliare in the movement of the circulation, or because the 
blood is cooled on leaving the warm body, or tiecause the blood is 
tben more freely exposed to the air; they further suggest the view 
that the fibrin is the result of some chemical change, the conversion 
into fibrin of something which is not fibrin, the change like other 
chemical changes being most active at an optimum temperature, 
nod like so many other chemical changes being assisted by the 
influences exert4>d by the presence of inert bodies. 

And we have direct experimental evidence that plasma does 
contain an antecedent of fibrin which by chemical change is 
converted into fibrin. 
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§ 19. If blood be received direct from the blood-vessels into 
one-third its bulk of a saturated solution of some neutral salt such 
as magnesium sulphate, and the two gently but thoroughly mixed, 
clotting, especially at a moderately low temperature, will be 
deferred for a very long time. If the mixture be allowed to stand, 
the corpuscles will sink, and a colourless plasma will be obtained 
similar to the plasma gained from horse's blood by cold, except 
that it contains an excess of the neutral salt. The presence of 
the neutral salt has acted in the same direction as cold : it has 
prevented the occurrence of clotting. It has not destroyed the 
fibrin ; for if some of the plasma be diluted with from five to ten 
times its bulk of water, it will clot speedily in quite a normal 
fashion, with the production of quite normal fibrin. 

The separation of the fluid plasraa from the corpuscles and from 
other bodies heavier than the plasma is much facilitated by the use of 
the centrifugal machine. This consists essentially of a tireless wheel 
with several spokes, placed in a horizontal position and made to revolve 
with great velocity (1000 revolutions per minute for instance) round 
its axis. Tubes of metal or very strong glass are suspended at the ends 
of the spokes by carefully adjusted joints. As the wheel rotates with 
increasing velocity, each tube gradually assumes a horizontal position, 
bottom outwards, without spilling any of its contents. As the rapid 
rotation continues the corpuscles and heavier particles are driven to the 
bottom of the tube, and if a very rapid movement be continued for a 
long time will form a compact cake at the bottom of the tube. When 
the rotation is stopped the tubes gradually return to their upright posi- 
tion again without anything being spilt, and the clear plasma in each tube 
can then be decanted off. 

If some of the colourless, transparent plasma, obtained either 
by the action of neutral salts from any blood, or by the help of 
cold from horse's blood, be treated with some solid neutral salt, 
such as sodium chloride, to saturation, a white, flaky, somewhat 
sticky precipitate will make its appearance. If this precipitate 
be removed, the fluid no longer possesses the power of clotting (or 
very slightly so), even though the neutral salt present be removed 
by dialysis, or its influence lessened by dilution. With the re- 
moval of the substance precipitated, the plasma has lost its power 
of clotting. 

If the precipitate itself, after being washed with a saturated 
solution of the neutral salt (in which it is insoluble) so as to get 
rid of all serum and other constituents of the plasma, be treated 
with a small quantity of water, it readily dissolves,^ and the 
solution rapidly filtered gives a clear, colourless filtrate, which is 
at first perfectly fluid. Soon, however, the fluidity gives way to 

^ The substance itself is not soluble in distilled water, but a quantity of the 
neutral salts always clings to the precipitate, and thus the addition of water virtuaUy 
gives rise to a dilute saline solution, in which the substance is readily soluble. 
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viscidity, and this in turn to a jelly condition, and finally the jelly 
shrinks intn a clot tloatiug in a clear fluid ; in other words, the 
filtrate clots like plasma. Thus there is present in cooled plasma, 
and in plasma kept from clotting hy the presence of neutral salts, 
a something, precipitabte by saturation with neutral salts ; a some- 
thing which, since it is soluble in very dilute saline solutions, 
cannot be fibrin itself, but which in solution speedily gives rise to 
the appearance of fibrin. To this substance its discoverer, Denis, 
gave the name of plasmine. 

The substance thus precipitated is not however a single body 
but a mixture of at least two bodies. If sodium chloride be 
carefully added to plasma to an extent of about 13 per cent, a 
white, flaky, viscid precipitate is thrown down very much like 
plasmine. If after the removal of the first precipitate more sodium 
chloride and especially if magnesium sulphate be added, a second 
precipitate is thrown down, less viscid and more granular than the 
first. 

The second precipitate when examined is found to be identical 
with the parafflobulin, coagulating at 75° C, which we have 
already seen to be a constituent of serum. 

The first precipitate is also a proteid belonging to the globulin 
group, but differs from paraglobulin not only in being more 
readily precipitated by sodium chloride, and in being when 
precipitated more viscid, but also in other respects, and especially 
in being coagulated at a far lower temperature than paraglobulin, 
viz. at 56° C. Now, while isolated paraglobulin cannot by any 
means known to us be converted into fibrin, and its presence in 
the so-called plasmine does not seem to be essential to the for- 
mation of fibrin out of plasmine, the presence in plasmine of the 
body coagulating at 56° C. does seem essential to the conversion 
of plasmine into fibrin ; and we have reason for thinking that it is 
itself converted, in part at least, into fibrin. Hence it has received 
the name of fibrinogen. 

§ 20. The reasons for this view are as follows. 

Besides blood, which clots naturally when shed, there are 
certain fluids in the body which do not clot naturally, either id 
the body or when shed, but which by certain artificial means may 
be made to clot, and in clotting to yield quite normal fibrin. 

Thus the so-called serous fluid taken some hours after death' 
from the pericardial, pleural, or peritoneal cavities, the fluid found in 
the enlarged serous sac of the testis, known as hydrocele fluid, and 
other similar fluids, will in the majority of cases, when obtained free 
' from blood or other admixtures, remain fluid almost indefinitely, 
ahewing no disposition whatever to clot.' Yet in most cAses at 

1 If it be remoTett immtKljiit«];r after doath it f^nemlly rIoU rradily and Smlj, 
gtrlog s colourlfu clot coniiating of ftbrin and whitR carjiu«c1«i. 

' In tome ipccimena, howcTer, x spontaneous CMgiiUtioii, f^^innnlly ulinhT, but in 
exceptionml ens™ mamiv, m«y be obsen^wl. 




24 FIBRIN FERMENT. [Book i. 

all events, these fluids, when a little blood, or a piece of blood clot, 
or a little serum is added to them, will clot rapidly and firmly,^ 
giving rise to an unmistakeable clot of normal fibrin, differing only 
from the clot of blood in that, when serum is used, it is colourless, 
being free from red corpuscles. 

Now, blood (or blood clot, or serum) contains many things, to 
any one of which the clotting power thus seen might be attributed. 
But it is found that in many cases clotting may be induced in the 
fluids of which we are speaking by the mere addition and that 
even in exceedingly small quantity, of a substance which can be 
extracted from blood, or from serum, or from blood clot, or even 
from washed fibrin, or indeed from other sources, — a substance 
whose exact nature is uncertain, it being doubtful whether it is a 
proteid at all, and whose action is peculiar. 

If serum, or whipped blood, or a broken-up clot be mixed with 
a large quantity of alcohol and allowed to stand some days, the 
proteids present are in time so changed by the alcohol as to 
become insoluble in water. Hence if the copious precipitate 
caused by the alcohol, after long standing, be separated by filtration 
from the alcohol, dried at a low temperature, not exceeding 40° C, 
and extracted with distilled water, the aqueous extract contains 
very little proteid matter, — indeed very little organic matter at all. 
Nevertheless even a small quantity of this aqueous extract added 
alone to certain specimens of hydrocele fluid or other of the fluids 
spoken of above, will bring about a speedy clotting. The same 
aqueous extract has also a remarkable effect in hastening the 
clotting of fluids which, though they will eventually clot, do so 
very slowly. Thus, plasma may, by the careful addition of a 
certain quantity of neutral salt and water, be reduced to such a 
condition that it clots very slowly indeed, taking perhaps days to 
complete the process. The addition of a small quantity of the 
aqueous extract we are describing will, however, bring about a 
clotting which is at once rapid and complete. 

The active substance, whatever it be, in this aqueous extract 
exists in small quantity only, and its clotting virtues are at once 
and for ever lost when the solution is boiled. Further, there is no 
reason to think that the active substance actually enters into the 
formation of the fibrin to which it gives rise. It appears to belong 
to a class of bodies playing an important part in physiological 
processes and caWed fe7'7n cuts, of which we shall have more to say 
hereafter. We may therefore speak of it as the ^fibrin ferment, the 
name given to it by its discoverer Alexander Schmidt. 

This fibrin forniont is present in and may be extracted from 
clotted or whipped blood, and from both the clot^ and the serum 
of clotted blood ; and since in most if not all cases where blood or 

^ In a few oases no congulation can thus lx» induced. 

2 A iwwerful solution of fibrin ferment may be readily prepared by simply 
extracting a washed blood clot with a 10 p.c. solution of sodium chloride. 
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blood clot or serum produces clotting in hydrocele or pericardial 
fluid, an exactly similar clotting may be induced by the mere 
addition of fibrin ferment, we seem justified in concluding that 
the clotting virtues of the former are due to the ferment which 
they contain. 

Now, when Jibriuogen is precipitated from plasma as above 
described by sodium chloride, re-dissolved, and reprecipitated, more 
than once, it may be obtained in solution, by help of a dilute 
neutral saline solution, in an approximately pure condition, at 
all events free from other proteids. Sucb a solution will not clot 
spontaneously; it may remain fluid indefinitely; and yet on the 
addition of a little fibrin ferment it will clot readily and firmly. 
yielding quite normal fibrin. 

This body fibrinogen is also present and may be separated out 
from the specimens of hydrocele, pericardial, and otiier fluids which 
clot ou the addition of fibrin ferment ; and when the fibrinogen has 
been wholly removed from these fluids they refuse to clot on the 
addition of fibrin ferment. 

Paraglobulin, on the other haud, whether prepared from 
plasmtne by separation of the fibrinogen, or from serum, or from 
other fluids in which it is found, cannot be converted by fibrin 
ferment or indeed by any other means into fibrin. And fibrinogen 
isolated as described above, or serous fluids which contain 
fibrinogen, can be made, by means of fibrin ferment, to yield 
quite normal fibrin in the complete absence of paraglobulin. A 
solution of paraglobulin obtained from serum or blood clot will, it 
18 true, clot pericardial or hydrocele fluids containing fibrinogen, 
or indeed a solution of fibrinogen ; but this is apparently duo to 
the fact that the paraglobulin has in these cases some fibrin 
ferment mixed with it; it is also possible that under certain 
conditions the presence of paraglobulin may be favourable to the 
action of the ferment. 

^\1len the so-called plasmine is precipitated as directed in 
§ 19, fibrin ferment is carried down with the fibrinogen and para- 
globulin ; and when the plasmine is re-dissolved the ferment is 
present in the solution and ready to act on the fibrinogen. Hence 
the re-dissolved plasmine clots spontaneously. When fibrinogen 
is isolated from plasma by repeated precipitation and solution, the 
ferment is washed away from it, and the pure ferment-free fibrin- 
ogen, ultimately obtained, does not clot spontaneously. 

So far it seems clear that there does exist a proteid body, 
iibrinogen, which may by the action of fibrin ferment be directly, 
without the inter>*ention of other proteids, converted into the 
leas soluble fibrin. Our knowledge of the 'onstitution of proteid 
iKxlies is loo imperfect to enable us to make any very definite 
Matctnent as to the exact nature of the change thus effected ; but 
■we may say this much; Fibrinogen and fibrin have about the 
itne elementary composition, fibrin containing a trifie more 
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nitrogen. When fibrinogen is converted into fibrin by means of 
fibrin ferment, the weight of the fibrin produced is always less 
than that of the fibrinogen which is consumed, and there is always 
produced at the same time a certain quantity of another proteid, 
belonging to the globulin family. There are reasons however 
why we cannot speak of the ferment as splitting up fibrinogen 
into fibrin and a globulin. It seems more probable that the 
ferment converts the fibrinogen first into a body which we might 
call soluble Jibrin, and then turns this body into veritable fibrin ; 
but further inquiries on the subject are needed. 

The action of the fibrin ferment on fibrinogen is dependent on 
other conditions besides temperature ; for instance, the presence 
of a calcium salt seems to be necessary. If blood be shed into a 
dilute solution of potassium oxalate, the mixture, which need not 
contain more than '1 p.c. of the oxalate, remains fluid indefinitely, 
but clots readily on the addition of a small quantity of a calcium 
salt. Apparently the oxalate, by precipitating the calcium salts 
present in the blood, prevents the conversion of the fibrinogen 
into fibrin. So also a solution of fibrinogen which has been 
deprived of its calcium salts, by diffusion for instance, will not clot 
on the addition of fibrin ferment similarly deprived of its calcium 
salts ; but the mixture clots readily on the addition of a minute 
quantity of calcium sulphate. We shall liave to speak later on of 
a somewhat analogous part played by calcium salts in the curdling 
of milk. It may be added that the presence of other neutral 
salts, such as sodium chloride, appears to influence clotting. 

§ 2L We may conclude then that the plasma of blood when 
shed, or at all events soon after it has been shed, contains fibrino- 
gen; and it also seems probable that the clotting comes about 
because the fibrinogen is converted into fibrin by the action of 
; fibrin ferment ; but we are still far from a definite answer to the 
question, why blood remains fluid in the body and yet clots when 
shed ? 

We have already said that blood or blood plasma, brouglit up to 
a temperature of 56° C. as soon as possible after its removal from 
the living blood vessels, gives a proteid precipitate and loses its 
power of clotting. This may be taken to shew that blood, as it 
circulates in the living blood vessels, contains fibrinogen as such, 
n and that when the blood is heated to 56° C, which is the coagu- 
lating point of fibrinogen, the fibrinogen present is coagulated and 
precipitated, and consequently no fibrin can be formed. 

Further, while clotted blood undoubtedly contains an abundance 
of fibrin ferment, no ferment, or a minimal quantity only, is present 
in blood as it leaves the blood vessels. If blood be received directly 
from the blood vessels into alcohol, the aqueous extract prepared 
as directed above contains no ferment, or merely a trace. Appa- 
' rently the ferment makes its appearance in the blood as the result 
i of changes taking place in the blood after it has been shed. 
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We might from this be inclined to conclude that blood clots 
when flhed but not before, because, fibrinogen being always present, 
the shedding brings about changes which produce fibrin ferment, 
not previously existing, and this acting on the fibrinogen gives rise 
to fibrin. But we meet with the following difficulty. A very 
considerable quantity of very active ferment may be injected into 
the blood current of a living animal without necessarily producing 
any clotting at all. Obviously, either blood within the bluod 
vessels does not contain fibrinogen as such, and the fibrinogen 
detected by heating the blood to 56° C is the result of changes 
which have already ensued before that temperature is reached ; 
or in the living circulation there are agencies at work which 
prevent any ferment which may be introduced into the circula- 
tion from producing its usual effects on fibrinogen ; or there are 
agencies at work wliich destroy or do away with the fibrin, little 
by little, as it is furmed. 

§ 82. And indeed when we reflect how complex blood is, and 
of what many and great changes it is susceptible, we shall not 
wonder that the question we are putting cannot be answered off 
band. 

The corpuscles with which blood is crowded are living structures, 
and consequently are continually acting upon and being acted 
upon by the plasma. The red corpuscles it is true are, as we shall 
sec. peculiar bodies, with a restricted life and a very specialized 
work, and po.'^sibly their influence on the plasma is not very great ; 
but we have reason to think that the relations between the white 
corpuscles and the plasma are close and important. 

Then again the blood is not only acting upon and being acted 
upon by the several tissues as it flows through the various 
capillaries, but along the whole of its course, through the heart, 
arteries, capillaries, and veins, is acting upon and being acted upon 
■by the vascular walls, which like the rest of the body are alive, 
and being alive are continually undergoing and promoting change. 

That relations oF some kind, having a direct influence on the 
clotting of blood, do exist between the blood and the vascular 
walls is shewn by the following facts. 

After death, when all motion of the blood has ceased, the 
blood remains for a long time fluid. It is not till some time 
afterwards, at an epoch when post-mortem changes in the blood 
BDd in the bloo<l vessels have had time to develope themselves, 
tbat clotting begins. Thus, some hours after drath the blood in 
the great veins may be fiiund still perfectly fluid. Vet such bloml 
fau not lost its power of clotting; it still clots when removed 
from tlie body, and clots too when received over mercury without 
CDcposure to air, shewing that, though the blootl. being highly 
Vsoons, is rich in carbonic acid and contains little or no oxygen, its 
fluidity is not due to any excess of carbonic acid or absence of oxy- 
Eventually it does clot even within the vessels, but perhaps 
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never so firmly and completely as when shed. It clots first in the 
larger vessels, but remains fluid in the smaller vessels for a very long 
time, for many hours in fact, since in these the same bulk of blood 
is exposed to the influence of, and reciprocally exerts an influence 
on, a larger surface of the vascular walls than in the larger vessels. 
And if it be urged that the result is here due to influences exerted 
by the body at large, by the tissues as well as by the vascular walls, 
this objection will not hold good against the following experiment 

If the jugular vein of a large animal, such as an ox or horse, be 
carefully ligatured when full of blood, and the ligatured portion 
excised, the blood in many cases remains perfectly fluid, along the 
greater part of the length of the piece, for twenty-four or even 
forty-eight hours. The piece so ligatured may be suspended in a 
framework and opened at the top so as to imitate a living test-tube, 
and yet the blood will often remain long fluid, though a portion 
removed at any time into a glass or other vessel will clot in a few 
minutes. If two such living test-tubes be prepared, the blood 
may be poured from one to the other without clotting taking place. 

A similar relation of the fluid to its containing living wall is 
seen in the case of those serous fluids which clot spontaneously. 
If, so soon after death as the body is cold and the fat is solidified, 
the pericardium be carefully removed from a sheep by an incision 
round the base of the heart, the pericardial fluid (which, as 
we have already seen, during life, and some little time after death, 
possesses the power of clotting) may be kept in the pericardial bag 
as in a living cup for many hours without clotting, and yet a small 
portion removed with a pipette clots at once. 

This relation between the blood and the vascular wall may be 
disturbed or overridden : clotting may take place or may be induced 
within the living blood vessel. When the lining membrane is 
injured, as when an artery or vein is sharply ligatured, or when it 
is diseased, as for instance in aneurism, a clot is apt to be formed 
at the injured or diseased spot ; and in certain morbid conditions 
of the body clots are formed in various vascular tracts. Absence 
of motion, which in shed blood, as we have seen, is unfavourable 
to clotting, is apt within the body to lead to clotting. Thus when 
an artery is ligatured, the blood in the tract of artery on the 
cardiac side of the ligature, between the ligature and the branch 
last given off by the artery, ceasing to share in the circulation, 
remains motionless or nearly so, and along this tract a clot forms, 
firmest next to the ligature and ending near where the branch is 
given off; this perhaps may be explained by the fact that the 
walls of the tract suffer in their nutrition by the stagnation of the 
blood, and that consequently the normal relation between them 
and the contained blood is disturbed. 

That the blood within the living blood vessels, though not 
actually clotting under normal circumstances, may easily be made 
to clot, that the blood is in fact so to speak always on the point 
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' of clotting, is shewn by the fact that r foreign body, such aa a 

needle thrust into the interior of a blood vessel or a thread drawn 

through and left in a. blood vessel, is apt to become covered vrith 

fibrin. Some influence exerted by the needle or thread, whatever 

/ may be the character of that influence, is suificient to determine a 

I clotting which otherwise would not have taken place. 

I The same instability of the blood as regards clotting is strikingly 

/ shewn, in the case of the rabbit at least, by the result of injecting 

^ into the blood vessels a small quantity of a solution of a peculiar 

/ proteid prepared from certain structures such as the thymus body. 

S Massive clotting of the blood in almost all the blood vessels, small 

^^^ and ItLtge, takes place with great rapidity, leading to the sudden 

^^K death oF the animal. In contrast to this effect may be mentioned 

^^H the result of injecting into the blood vessels of a dog a quantity 

^^^ of a solution of a body called albumoae. of which we shall hereafter 

) have to treat as a product of the digestion of proteid snbsiances, 

/ to the extent of 3 grm. per kilo of body weight. So far from 

I producing clotting, the injected albumose has such an effect on 

the blood that for several hours after the injection shed blood will 

refuse to clot of itself and remain quite fluid, though it can be 

made to clot by special treatment. 

§ 83, All the foregoing facts tend to shew that the blood as it 

»i8 flowing through the healthy blond vessels is, so far as clotting is 
concerned, in a state of unstable equilibrium, which may at any 
moment be upset, even within the blood vessels, and which is upset 
directly the blood is shed, with clotting as a result. Our present 
knowledge does not permit us to make an authoritative statement 
aa to the exact nature of this equilibrium. There are reasons how- 
^^^ ever for thinking that the white corpuscles play an important "part 
^^^L in the matter. Wherever clotting occurs naturally, white corpuscles 
^^^1 are present; and this is true not only of blood but also of such 
^^^K.n>ecimens of pericardial or other serous fluids as clot naturally. 
^^^K when horse's blood is kept fluid by being retained within the 
^^^KlQgular vein, as mentioned a tittle while back, and the vein is 
^^H-ltung upright, the corpuscles both red and white sink, leaving 
^^^ an upper layer of plasma almost free from corpuscles. This upper 
layer will be found to have lost largely its power of clotting spoa- 
tsneously, though the power is at once r^ained if the white 
corpuscles from the layers l>eneath be returned to it. And many 
othur arguments, which we cannot enter upon here, may be adduced. 
all pointing to the same conclusion, that the white corpuscles play 
BD important part in the process of clotting. But it would lead us 
. too far into controversial matters to attempt to define what that 
' I, or to explain the exact nature of the equilibrium of which 
,V6 spoken, or to discuss such questions as. Whether the 
inaiT white corpuscles, or corpuscles of a special kind, are con- 
■■)d in the matter ? Whether the corpuscles, when clotting takes 
), give out something, — e.g.. fibrinogen or ferment or both or 
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something else, — or whether the corpuscles simply in some way or 
other assist in the transformation of some previously existing con- 
stituents of the plasma ? Whether the influence exerted by the 
condition of the vascular wall is exerted directly on the plasma or 
indirectly on the corpuscles ? Whether, as some have thought, the 
peculiar bodies of which we shall presently speak under the name 
of blood platelets have any share in the matter, and if so what ? 
These questions are too involved and the discussion of them too 
long to be entered upon here. 

What we do know is that in blood soon after it has been shed, 
the body w^hich we have called fibrinogen is present, as also the 
body which we have called fibrin ferment ; that the latter acting 
on the former will produce fibrin ; and that the appearance of fibrin 
is undoubtedly the cause of what is called clotting. We seem 
justified in concluding that the clotting of shed blood is due to 
the conversion by ferment of fibrinogen into fibrin. The further 
inference that clotting within the body is the same thing as 
clotting outside the body and similarly due to the transformation 
of fibrinogen by ferment into fibrin, though probable, is not proved. 
We do not yet know the exact nature and condition of the blood 
within the living blood vessels ; and until we know that we cannot 
satisfactorily explain why blood in the living blood vessels is 
usually fluid but can at times clot. 
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The Red Corpuscles. 

§ 21. The redDess of blood is due exclusively to the red 
corpuscles. The plasma aa seen io thin layers within the living 
blood vessels appears colourless, as does also a thin layer of serum ; 
but a thick layer o( serum (and probably of plasma) has a faint 
yellowish tinge, due as we have said to the presence of a small 
quantity of a special pigment 

The corpuscles appear under the microscope as fairly homo- 
geneous, imperfectly trrmslueent biconcave discs with a diameter of 
7 to 8 fi and a thickness of 1 to 2^ Being discs they are circular 
in outline when seen on the flat, but rod-shaped when seen in pro- 
file as they are turning over. Deing biconcave, with a thicker 
rounded rim surrouuding a thinner centre, the rays of light in 
passing through them, when they are examined hy transmitter! 
Bght, are more refracUid at the rim than in the centre. The effect 
of this is that, when viewed at what may be considered the proper 
focus, the centre of a corpuscle appears clear, while a slight opacity 
marksout indistinctly the innermargin of the thicker rim; whereas, 
when the focus is shifted either up or down, the centre becomes 
dark and the rest of the corpuscle clear. Any body of the same 
shape, and composed of substance of the same retractive power, 
would produce tlie same optical effects. Otherwise the corpuscle 
appears homogeneous without distinction of parts and without 
B nacleua. A single corpuscle seen by itself has a very faint 
colour, looking yellow rather than red, but when several corpuscles 
lie one upon the top of the othpr the mass is distinctly red. 

The red corpuscle is elastic, in the sense that it may be deformed 

pressure or traction, but when the pressure or traction is re- 
rt'ed regains its previous form. Its shape is also much influenced 

the physical conditions of the plasma, serum, or fluid in which 
)r the time being it is. If the plasma or serum \>e diluted with 
Iter, the disc, absorbing water, swells up into a sphere, becoming 
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a disc again on the removal of the dilution. If the serum be 
concentrated, the disc, giving out water, shrinks irregularly and 
assumes various forms ; one of these forms is that of a number 
of blunted protuberances projecting all over the surface of the 
corpuscle, which is then said to be crenate. In a drop of blood 
examined under the microscope, crenate corpuscles are often 
seen at the edge of the cover slip where evaporation is leading to 
concentration of the plasma, or, as it should then perhaps rather 
be called, serum. In blood just shed the red corpuscles are apt to 
adhere to each other by their flat surfaces, much more than to the 
glass or other surface with which the blood is in contact, and hence 
arrange themselves in rolls. This tendency however to form rolls 
very soon diminishes after the blood is shed. 

Though a single corpuscle is somewhat translucent, a compara- 
tively thin layer of blood is opaque ; type for instance cannot be 
read through even a thin layer of blood. 

When a quantity of whipped blood (or blood otherwise de- 
prived of fibrin) is frozen and thawed several times it changes 
colour, becoming of a darker hue, and is then found to be much 
more transparent, so that type can now be easily read through a 
moderately thin layer. It is then spoken of as laky blood. The 
same change may be effected by shaking the blood with ether, or 
by adding a small quantity of bile salts, and in other ways. Upon 
examination of laky blood it is found that the red corpuscles are 
" broken up " or at least altered, and that the redness which pre- 
viously was confined to them is now diffused through the serum. 
Normal blood is opaque because each corpuscle, while permitting 
some rays of light (chiefly red) to pass through, reflects many 
others ; and the brightness of the hue of normal blood is due to 
this reflection of light from the surfaces of the several corpuscles. 
Laky blood is transparent because there are no longer intact 
corpuscles to present surfaces for the reflection of light, and the 
darker hue of laky blood is similarly due to the absence of reflection 
from the several corpuscles. 

When laky blood is allowed to stand a sediment is formed (and 
may be separated by the centrifugal machine) which on exami- 
nation is found to consist of discs, or fragments of discs, of a 
colourless substance exhibiting under high powers an obscurely 
spongy or reticular structure. These colourless thin discs seen flat- 
wise often appear as mere rings. The substance composing them 
stains with various reagents, and may thus be made more evident. 

The red corpuscle, then, consists obviously of a colourless frame- 
work, with which in normal conditions a red colouring matter is 
associated ; but by various means the colouring matter may be 
driven from the framework and dissolved in the serum. 

The framework is spoken of as stroma ; it is a modified or 
differentiated protoplasm, and upon chemical analysis yields pro- 
teid substances, some of them at least belonging to the globulin 



\ eroup, and other matters, among which is the peculiar complex 
bit ealled lecithin, of which we shall have to sjiuak ia treating 

. of nervous tissue. In the nucleated red corpuscles of the lower 
vertebrata this differentiated stroma, though forming the chief 
part of the cell body arouiiti the nucleus, is accompanied by a 
variable amount of undifferentiated protoplasm; but the latter in 
the mammalian red corpuscle is either absent altogether or reduced 
to a minimum, Whether any part of this stroma is living, in the 
e of being capable of carrying on a continual double chemical 
change, of continually building itself up as it breaks down, is a 
question too difficult to be discussed here. 

The red colouring mutter which in normal conditions is asso- 
ciated with this stroma may by appropriate means be isolated, and, 
in the case of the blood of many animals, obtained in a crystalline 
form. It is called Hmmoglobin, and may by proper metliods be 
split up into a proteid belonging to the globulin group, and into a 
coloured pigment, containing iron, called ffeemaiin. Hiemoglobin 
is therefore a very complex body. It is found to have remarkable 
relations to oxygen, and indeed, as we shall see, the red corpuscles 
by virtue of their htemoglobin have a special work in respiratiou ; 
they carry oxygen from the lungs to the several tissues. We shall 
therefore defer the further study of htemoglobiu until we have to 
deal with respiration. 

The red corpuscle, then, consists nf a disc of colourless stroma 
villi which is associated in a peculiar way the complex coloured 

I body hemoglobin. Though the haemoglobin, as is seen in laky blood, 
is readily soluble in serum (and it is also soluble in plasma), in the 

' iatactnormal blood it remains confined to the corpuscle. Obviou.sly 

' there is some special connection between the stroma and the hiemo- 
globin ; it is not until the stroma is altered, we may perhaps say 
killed (as by repeated freezing and thawing), that it loses its hold 
on the htemoglobin, which thus set free passes into solution in the 

IBerum. The disc of stroma when separated from the hiemoglobjn 
has, as we have just said, an obscurely spongy texture ; but we do 
not know accurately the exact condition of the stroma in the intact 
corpuscle or how it holds the hiemnglobin. Thtire is certainly no 
definite membrane or envelope to the corpuscle ; for by exposing 
blood to a high temperature (GO" C.) the corpuscle will break up 
into more or less spherical pieces, each still consisting of stroma 
■nd luemoglobiu, 
The quantity of stroma necessary to hold a quantity of hiEmo- 
globin is exceedingly small. Of the total solid matter of a 
Corpuscle more than 90 p.c. is hsemoglobin. A red corpuscle in 
fact is a quantity of h.iemoglobin held together in the form of a 
disc by a minimal amount of stroma. Hence whatever effect the 
stroma per sr may have upon the plasma, this, in the case of 
mammals at all events, must be insignificant : the red corpuscle is 
practically simply a carrier of h.'cmoglobin. 
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§ 26. The average number of red corpuscles in human blood 
may be probably put down at about 5 millions in a cubic milli- 
meter (the range in different mammals is said to be from 3 to 18 
millions), but the relation of corpuscle to plasma varies a good deal 
even in health, and very much in disease. Obviously the relation 
may be affected (1) by an increase or decrease of the plasma, (2) by 
an actual decrease or increase of red corpuscles. Now, the former 
must frequently take place. The blood, as we have already urged, 
is always being acted upon by changes in the tissues, and indeed 
is an index of those changes ; hence the plasma must be con- 
tinually changing, though always striving to return to the normal 
condition. Thus when a large quantity of water is discharged by 
the kidney, the skin, or the bowels, that water comes really from 
the blood ; and the drain of water must tend to diminish the bulk 
of the plasma, and so to increase the relative number of red 
corpuscles, though the effect is probably soon remedied by the 
passage of water from the tissues into the blood. So again when 
a large quantity of water is drunk, this passes into the blood and 
tends temporarily to dilute the plasma (and so to diminish the 
relative number of red corpuscles), though this condition is in turn 
soon remedied by the passage of the superfluous fluid to the 
tissues and excretory organs. The greater or less number of red 
corpuscles, then, in a given bulk of blood may be simply due to less 
or more plasma ; but we have reason to think that the actual 
number of the corpuscles in the blood does vary from time to 
time. This is especially seen in certain forms of disease, which 
may be spoken of under the general term of anaemia (there being 
several kinds of ana?mia), in which the number of red corpuscles is 
distinctly diminished. 

The redness of blood may however be influenced not only by 
the number of red corpuscles in each cubic millimeter of blood but 
also by the amount of hiemoglobin in each corpuscle, and to a less 
degree by the size of the corpuscles. If we compare, with a 
common standard, the redness of two specimens of blood unequally 
red, and then determine the relative number of corpuscles in each, 
we may find that the less red specimen has as many corpuscles as 
the redder one, or at least the deficiency in redness is greater than 
can be accounted for by the paucity of red corpuscles. Obviously 
in such a case the red corpuscles have too little hiemoglobin. In 
some cases of anitmia the deficiency of ha3moglobin in each cor- 
puscle is more striking than the scantiness of red corpuscles. 

The number of corpuscles in a specimen of blood is determined by 
mixing a small but carefully measured quautity of the blood with a 
large quantity of some indifferent fluid, — 6. ^. a 5 p.c. solution of sodium 
sulphate, — and then actually counting the corpuscles in a known minimal 
bulk of the mixture. 

This perhaps may be most conveniently done by the method generally 
known as that of Gowers (Hiemacytometer) improved by Malassez. A 
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', in a metal frame, is ruled iiito minute rectangles, — «-9-i mm. 
}>y i tnni., — so as to give a couvenient area of g^tii of a square mm. 
Three smoU screws in the frame permit a covorslip to ]>e brought to a 
tixeti ilisttuice, — e.ff, i mm., from tlie surface of the slide. The blood 
liftvia<! iMieii dilute<l, — e.y. to 100 times its volume, — a small quaotity of 
tiie diluted (aud tliuruug^hly mixed) blood, aufficient to occupy fully the 
Bp»ce butureeu the coverBliji and the glass slide when the former is 
brought to its proper position, is placed ou the slide, and the coverslip 
brought dowu. The volume of diluted blood itow lying over each of the 
rectangles will be iJoth ( AXi) "^ * cubic mui, ; aud if, when the cor- 
puscles have subsided, the number of corpuscles lying within a rectangle 
M Counted, the result will give the number of corpuscles previously 
distributed through itgth of a cubic mm. of the diluted blooil. Tliis 
multiplied by 100 will give the number of corpuscles in 1 cubic mm. of 
the diluted blood, Hml again multiplied by 100 the number in 1 cubic 
mm. of the entire blood. It is advisable to count the number of 
corpuscles iu scvi-ral of the rectan};le8, nnd to take the average. For 
the convenience uf counting, each rectnngle is subilivided into a number 
of vcryamnll squares, — e.^. into 30, — cuch with aside of i^th mm., and 
ao au area of ^igth of a square mm. 

Since the nctual number nf red corpuscles in a specimen of 
blood (wliich may be taken as a sample of the whole blood) is 
sometiniea niore, Bometimes les.s, it is obvious that either red 
corpuscles may be temporarily withdrawn from and returned to 
the general blood current, or that certain red corpuscles are after 
a wliile made away with, and that new ones take their place. 
We have no satisfactory evidence of the former being the case in 
normal conditions, whereas we have evidence that old corpuscles 
do die and that new ones are born. 

§ 28. The red corpuscles, we liave already said, are continually 
engaged in carrying oxygen, by means of their biemoglobin, from 
th<i lungs to the tissues ; they load themselves with oxygen at the 
lungs and unload at the tissues. It is extremely unlikely that this 
act 8hi)utd be repeated indefinitely without leading to changes 
which may be familiarly described as wear and t«ar. and which 
would ultimately lead to the death of the corpuscles. 

We shall have to stal« later on that the liver discharges into 
iKhc alimentary canal, as a constituent of bile, a considerable 
raufintity of a pigment known as 6t/i>K&tn, and that this substance 
ana remarkable relations with, and indeed may be regarded as a 
" irivative of kimiifilm, which as we have seen {§ 24) is a product 

the decomposition of hfemoglohin. It appears proljable in fact 
at the bilirubin of bile (and this as we shall see is the chief 
liary pigment and the source of the other biliary pigments) is 
it formed wholly anew in the body but is manufactured in some 
}T other out of ha.'matin derived from hiemc^lobin. This 
entail a daily consumption uf a considerable quantity of 
loglohio, and, since we know no other source of hiemoglobia 
the red corpuscles, aud have no evidence of red corpuscles 
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continuing to exist after having loBt their haemoglobin, must 
therefore entail a daily destruction of many red corpuscles. 

Even in health, then, a number of red corpuscles must be 
continually disappearing; and in disease the rapid and great 
diminution which may take place in the number of red corpuscles 
shews that lai^e destruction may occur. 

We cannot at present accurately trace out the steps of this 
disappearance of red corpuscles. In the spleen pulp, red corpuscles 
have been seen in various stages of disoi^anization, some of them 
lying within the substance of large colourless corpuscles, and as it 
were being eaten by them. There is also evidence that destruction 
takes place in the liver itself, and indeed elsewhere. But the 
subject Las not yet been adequately worked out. 

§ 27. This destruction of red corpuscles necessitates the birth 
of new corpuscles, to keep up the normal supply of hjemoglobin ; 
and indeed the cases in which after even great loss of blood by 
hiemorrhage a healthy ruddiness returns, and that often rapidly, 
shewing that th& lost corpuscles have been replaced, as well b3 
the cases of recovery from the disease aniemia, prove that red 
corpuscles are, even in adult hfe, born somewhere in the body. 

In the developing embryo of the mammal the red eorjiuscles of 
the blood are not hemoglobin-holding non-nucleated discs of stroma, 
but coloured nucleated cells which have arisen in the following way. 

In certain regions of the embrj'o there are formed nests of 
nuclei imbedded in that kind of material of which we have already 
(§ 5) spoken, and of which we shall have again to speak as un- 
differentiated protoplasm. The special features of this undtfi'eren- 
tiated protoplasm are due to the manner in which its living basis 
(§ 5), in carrying on its continued building up and breaking down, 
disposes of itself, its food, and its products. These are for a while 
so arranged as to form a colourless mass with minute colourless 
solid particles or colourless vacuoles imbedded in it, the whole 
having a granular appearance. After a while this granular looking 
protoplasm is in large measure gradually replaced by material of 
different optical and chemical characters, being for instance more 
homogeneous and less"granulHr" in appearance. This new material 
is stroma ; and as it is formed, there is formed with it and in some 
way or other held by it a colouring matter, hsemoglobin. We 
cannot at present say anything definite as to the way in which and 
the steps by which the original protoplasm is thus to a large 
extent differentiated into stroma and haemoglobin. All we know 
la that the existence of what we have called living substance is 
necessary to the formation of stroma and hiemoglobin. We there- 
fore seem justified in speaking of this living substance as manu- 
facturing these substances ; but we do not know whether the living 
substance tnms itself so to speak into stroma or hfemoglobin or 
both, or whether by some agency, the nature of which is at present 
unknown to us, it converts some of the material which is present in 
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the protoplasm and which we may regard as food for itself, into 
one or other or both of these bodies. 

When this differentiation has taken place or while it is still 
going on, the material in which the nuclei are imbedded divides 
into separate cell boilies for the several nuclei ; and thus the nest 
of nuclei is transformed into a group of nucleated red corpuscles, 
each coqmscle consisting of a nucleus imbedded iunhienioglobin- 
holding stroma, to which is still attached more or less of the original 
undifTerentiated protoplasm. 

Z' Still later on in the life of the embryo the nucleat^-d red cor- 

7 puscles are replaced by ordinary red corpuscles, by non-nucleated 
discs composed almost exclusively of hwmoglobin-holding stroma. 
How the transformation lakes place, and especially how the nucleus 

") comes to be absent is nt present a matter of considerable dispute ; 

( ^herc is much however to be said for the view that the normal 
red corpustde is a portion only ot a cell, that it is a fragment of 
cell-substance which has been budded off and so has left the 
nucleus behind^ L^ 

In thu adult as in the embrj'o the red corpuscles appear to be 
formed out of preceding coloured nucleated cells. 

In the interior of bones is a peculiar tissue called marrow, 
which in most parts, being very full of blood vessels, is called red 
■marrow. In this red marrow the capillaries and minute veins 
form an intricate labyrinth of relatively wide passages with very 
thin walls, and through this labyrinth the How of blood is compara- 

I lively slow. lu the passages of this labyrinth are found coloured 
nucleated cells, — that is to say, cells the cell-substance of which has 
undergone more or less differentiation into haemoglobin and stroma. 
And there seems to be going on in red marrow a multiplication of 
such coloured nucleated cells, some of which transformed, in some 
way or other, into red non-nucleated discs, — that ik into ordinary 
red corpuscles, — passaway into the general blood current. In other 
words, a formation of red corpuscles, not wholly unlike that which 
tnkcs place in the embrj-o, is in the adult continually going on in 
tlie red marrow of the bones. 
^ According to some observers the coloured nucleated cells nrise 
' hy division, in the marrow, from colourless cells, not unlike but 
' probably distinct in kind from ordinary white corpuscles, the 
fi)rmation of hfemoglobin caking place subsequent to cell division. 
Other observers, apparently with reason, urge that, whatever their 
primal origin, these coloured nucleated cells arise, during post- 
embryonic life, by the divLsinn of previous similar coloured cells, 
which thus form, in the marrow, a distinct class of cells continually 
) undergoing division and thus giving rise to cells, some of which 
become red corpuscles and pass into the blood stream, while others 
TCUAin in the marrow to undergo further division and so to keep 
I) the supply. Such repeatedly dividing cells may fitly be called 
Kmalvblwli (y 
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A similar formation of red corpuscles has also been described^ 
though with less evidence, as taking place in the spleen, especially 
under particular circumstances, such as after great loss of blood. 

The formation of red corpuscles is therefore a special process, 
taking place in special regions ; we have no satisfactory evidence 
that the ordinary white corpuscles of the blood are, as they travel 
in the current of the circulation, transformed into red corpuscles. 

The red corpuscles then, to sum up, are useful to the body on 
account of the haemoglobin which constitutes so nearly the whole 
of their solid matter. What functions the stroma may have besides 
the mere, so to speak, mechanical one of holding the haemoglobin in 
the form of a corpuscle, we do not know. The primary use of the 
haemoglobin is to carry oxygen from the lungs to the tissues, and 
it would appear that it is advantageous to the economy that the 
haemoglobin should be as it were bottled up in corpuscles rather 
than simply diffused through the plasma. How long a corpuscle 
may live, fetching and carrying oxygen, we do not exactly know ; 
the red corpuscles of one animal {e.g, a bird,) injected into the 
vessels of another (e.g. a mammal) disappear within a few days ; 
but this affords no measure of the life of a corpuscle in its own 
home. Eventually however the red corpuscle dies, its place being 
supplied by a new one. ^£The haemoglobin set free from the dead 
corpuscles appears to have a secondary use in forming the pigment 
of the bile and possibly other pigment^ ^ 

lite White or Colourless Corptiscles. 

§ 2& The white corpuscles are far less numerous than the red ; 
a specimen of ordinary healthy blood will contain several hundred 
red corpuscles to each white corpuscle, though the proportion, even 
in health, varies considerably under different circumstances, ranging 
from 1 in 300 to 1 in 700. But though less numerous, the white 
corpuscles are probably of greater importance to the blood itself 
than are the red corpuscles ; the latter are chiefly limited to the 
special work of carrying oxygen from the lungs to the tissues, while 
the former probably exert a considerable influence on the blood 
plasma itself, and help to maintain it in a proper condition. 

When seen in a normal condition, and * at rest ' the white 
corpuscle is a small, spherical, colourless mass, varying in size, but 
with an average diameter of about 10/x, and presenting in some 
cases a finely granular or even hyaline, in others a coarsely granular, 
appearance. The surface, even when the corpuscle is quite spheri- 
cal, is not always absolutely smooth but may be somewhat irregular, 
thereby contributing to the granular appearance; and at times 
these irregularities are exaggerated into protuberances or * pseudo- 
podia * of varying size or form, the corpuscle in this way assuming 
various forms without changing its bulk, and by the assumption 
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of a series of forms shiftiug its place. Of these ' nmcrboid move- 
meut«,' as they are called, we shall have to speak later ou. 

In carrying on these amteboid raoveraenta the corpuscle may 
transform itsflf from n spherical mass into a thin, flat, irregular 
plate ; and when this occurs there may be seen at times iu the midst 
of the extended linely granular mass or cell body, a smaller body 
of different aspect ami refractive power, the nucUun. The normal 
presence of a. nucleus in the white corpuscle may also be shewu by 
treating Uie corpuscle with dilute acetic acid, which swells up and 
renders more transparent the cell boiiy but makes the nucleus mure 
refractive and more sharply defined, and so more conspicuous, or 
by the use of staining reagents, the majority of wliich stain the 
nucleus more readily and more deeply than the cell body. The 
nucleus is in some cases a spherical mass abuut 2 — 3 n in dia- 
meter, but it differs both in size and in form in different corpuscles ; 
of these differences we shall sjieak presently. 

The cell body of the white corpuscle may be taken as a good 
example of what we have called undifferentiated protoplasm. 
It may perhaps be best considered as consisting of a uniformly 
transparent but somewhat refractive material forming the ^-round 
substance or basis, in which occur vacuoles of varying size but 
all for the most part minute, and in which are imbedded particles 
also of varying size but also for the most part minute. Some 
tnaintaiu that the ground substance exists in the form of a net- 
work, the interstices of which are filled up either with tluid or 
vitli some material different in nature from that of which the 
bars of the network are composed ; but without entering into the 
discussion of a debal4.'d question, we may say that the evidence 
for tile natural existence of such a network ia not convincing. 
The imbedded particles are hi some cases extremely small, and 
for the most part distributed uniformly over the cell body, giving 
ft the finely granular or even hyaline aspect spoken of above : in 
other cases however the particles are relatively large and ob- 
viously discrete, making the corpuscle coarsely granular, the coarse 
granules being sometimes confined to one or another part of the 
cell body. These particles or granules, whether coarse or fine, vary 
in nature : they l>ehavB differently towards various staining and 
other reagents. Some of them, as shewn by their greater refrac- 
tive power, their staining with osmic acid, and their solution by 
solvents of fat, are fatty in nature ; others may similarly be shewn 
by their reactions to !« proteid in nature ; and in certain cases 
Kme of the granules are carbohydrate in nature. 

The material in which these granules are imbedded, and which 
forms the greater part of the cell body, has no special optical 
ieatures. So far aa can be ascertained it appears under the micro- 
t*cope to be homogeneous; no definite structure can bo detected in 
It must he borne in muid that the whole corpuscle consists 
ily of water, the total solid matter amounting to not much 
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more than 10 per cent. The transparent material of the cell body 
must therefore be in a condition which we may call semifluid, or 
semisolid, without being called upon to define what we exactly 
mean by these terms. This approach to fluidity appears to be 
connected with the great mobility of the cell body as shewn in its 
amoeboid movements. 

§ 29. AVhen we submit to chemical examination a suflBcient 
mass of white corpuscles separated out from the blood by special 
means and obtained tolerably free from red corpuscles and plasma 
(or apply to the white blood corpuscles the chemical results 
' obtained from the more easily procured lymph corpuscles, which 
as we shall see are very similar to and indeed in many ways 
closely related to the white corpuscles of the blood), we find that 
this small solid matter of the corpuscle consists largely of certain 
proteids, or of substances more or less allied to proteids. Our 
knowledge of these proteids and other substances is as yet im- 
perfect, but we are probably justified in making the following 
statement. 

There is present, in somewhat considerable quantity, a sub- 
stance of a peculiar nature, which since it is confined to the 
nuclei of the corpuscles and further seems to be present in all 
nuclei, has been called nuclein. This nuclein, which though a 
complex nitrogenous body is different in composition and nature 
from proteids, is remarkable on the one hand for being a very 
stable inert body, and on the other for containing a large quantity 
(according to some observers nearly 10 p.c.) of phosphorus, which 
appears to enter in a certain way into the structure of the mole- 
cule, whereas in the case of proteids the phosphorus, which is not 
always present, is, as it were, attached to the molecule. 

The substance however which is present in the greatest quan- 
tity is one also at present not thoroughly understood, which 
though it appears to exist in the cell body apart from the nucleus, 
and indeed to form a large part of the solid matter of the cell 
body, has since it seems to be a compound of nuclein and albumin 
(or some other proteid) been called nucleo-albiimin. It, like 
nuclein, contains a considerable quantity of phosphorus, by which 
as well as by other features it is distinguished from the globulins, 
though in some respects it seems allied to that class of proteids, 
and to a somewhat similar proteid, myosin, of which we shall have 
to speak later on as a constituent of muscle. 

Besides these two bodies, the white corpuscles also contain a 
globulin which, under the name of cell globulin, has been distin- 
guished from the globulin or paraglobulin of blood, as well as a 
body or bodies like to or identical with serum albumin. 

Next in importance to the proteids, as constant constituents of 
the white corpuscles, come certain fats. Among these the most 
conspicuous is the complex fatty body lecithin. 

In the case of many corpuscles at all events we have evidence 
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of the presence of a member of the large group of carbohydrates, 
comprising starches and sugar, — viz., the ataroh-like body •jlijr.oijen, 
which we shall have to study more fully hereafter. This glyci^ea 
may exist in the living corpuscle as glycogen, but it is very apt 
after the death of the corpuscle to become changed by hydration 
into some form of sugar, such as maltose or dextrose. 

Lastly, the ash of the white corpuscles is characterised by 
containing a relatively large quantity of potassium and of phos- 
phates and by being relatively poor in chlorides aod in sodium. 
But in this respect the corpuscle is merely an example of what 
seems to be a general rule (to which however there may be 
exceptions), that while the elements of the tissues ihemaelvea are 
rich in potassium and phosphates, the blood plasma or lymph on 
which they live abounds in chlorides and sodium salts. 

§ 30. In the broad features above mentioned, the white blood 
corpuscle may be taken as a picture and example of all living 
tissues. If we examine the histological elements of any tissue, 
whether we take an epithelium cell, or a nerve cell, or a cartilage 
cell, or a muscular fibre, we meet with very similar features. 
Studying the element morphologically, we find a nucleus ' and a 
cell body, the nucleus having the general characters described 
above with frequently other characters introduced, and the cell 
body consisting of at least more than one kind of material, — the 
materiala being sometimes so disposed as to produce the optical 
effect simply of a transparent mass in which granules are imbedded, 
iu which case we speak of the cell body as protoplasmic, but at 
other times so arranged that the cull body possesses ditfereutiated 
structure. Studying the element from a chemical point of vi»w 
we find proteids always present, and among these bodies identical 
with or more or less closely allied to such proteids as globulin and 
myosin, we generally have evidence of the presence a.Uo of fnt of 
some kind and of some member or members of the carbohydrate 
(^>up; and the ash always contains potassium and phosphates, 
with sulphates, chlorides, sodium, and calcium, to which may be 
added magnesium and iron. 

We stated in the Introduction that living matter is always 

undergoing chemical change ; this continued chemical change we 

may denote by the term metabolism. We further urged that so 

long as living matter is alive, the chemical change or metabolism 

a of a double kind. On the one hand, the living substance is 

L eontinuaily breaking down into .simpler bodies, with a setting free 

I of eneigy ; this part of the metabnIiRm we may speak of as made 

1 op of katabolir changes. On the other hand, the living substance 

is continually building itself up, embodying energy into itself and 

D replenishing its store of energy; this part of the metabolism 

I we may apeak of as made up of anabolic changes. We also urged 

\ that in every piece of living tissue there might be (1) the actual 

' Tha cxiitance ol raaltinnclenr airut-turefl docs not ofleAjhc present nrgnmitiit. 



') 



42 METABOLISM. [Book i. 

/ 

4, living substance itself, (2) material which is present for the pur- 

/ pose of becoming, and is on the way to become, living substance, 
l^ — that is to say, food undergoing or about to undergo anabolic 
changes, and (3) material which has resulted from, or is resulting 
■^ from, the breaking down of the living substance, — that is to say, 
; material which has undergone or is undergoing katabolic changes, 
/ and which we speak of under the general term * waste/ In using 
the word " living substance," however, though we may for con- 
venience sake speak of the really living part as a substance, we 
must remember that in reality it is not a substance in the chemical 
sense of the word, but material undergoing a series of changes, u^^ 

If, now, we ask the question, which part of the body of the 
white corpuscle (or of a similar element of another tissue) is the 
real living substance, and which part is food or waste, we ask a 
question which we cannot as yet definitely answer. We have at 
present no adequate morphological criteria to enable us to judge, 
by optical characters, what is really living and what is not. 

One thing we may perhaps say : the material which appears 
in the cell body in the form of distinct granules, merely lodged 
in the more transparent material, cannot be part of the real living 
substance ; it must be either food or waste. Some of these granules 
are fat, and we have at times an opportunity of observing that 
they have been introduced into the corpuscle from the surrounding 
plasma. The white corpuscle, as we have said, has the power of 
executing amoeboid movements ; it can creep round objects, 
envelope them with its own substance, and so put them inside 
itself. The granules of fat thus introduced may be subsequently 
extruded or may disappear within the corpuscle ; in the latter 
case they are obviously changed, and apparently made use of 
by the corpuscle. In other words, these fatty granules are ap- 
parently food material, on their way to be worked up into the 
living substance of the corpuscle. 

But we have also evidence that similar granules of fat may 
make their appearance wholly within the corpuscle ; they are pro- 
ducts of the activity of the corpuscle. We have further reason 
to think that in some cases, at all events, they arise from the 
breaking down of the living substance of the corpuscle, — that they 
are what we have called waste products. 

But all the granules visible in a corpuscle are not necessarily 
fatty in nature ; some of them may undoubtedly be granules of 
l)roteid or allied matter, and it is possible that some of them may 
at times be of carbohydrate or other nature. In all cases however 
they are either food material or waste products. And what is 
true of the easily distinguished granules is also true of other 
substances, in solution or in a solid form, but so disposed as not 
to be optically recognised. 

Hence a* part, and it may be no inconsiderable part, of the 
body of a white corpuscle may be not living substance at all, but 
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either food or wftsta Fnrther. it Joes not necessarily follow that 
the whole of any i|iinntitj' of uint«rial, fatty or oiherwise, itiCro- 
4nced into the corpuscle from without, should actually be built up 
iulo and so become part of the living substance. The changes from 
raw food to living substance are, as we have already said, probably 
many ; and It may be that after a certain number of changes, few 
or many, part only of the material is accepted as worthy of being 
made alive, and the rest, beiuy rejected, becomes at once waste 
matter ; or the material may, even after it has undergone this or 
that change, never actually enter into the living substance but all 
become waste matter. We say waste matter, but this does not 
mean useless matter. The matter so formed may without entering 
into the living substance be of some subsidiary use to the corpuscle ; 
or, as probably more often happens, l>eing discharged from the cor- 
puscle, may be of use to some other part of the body. We do not 
know how the living substance builds itself up, but we seem com- 
pelled to admit that, in certain cases at all events, it is able ia 
some way or other to produue changes on material while that 
material is still outside the living substance as it were, before it 
enters into and indeed without its ever actually entering into the 
composition of the living substance. On the other hand, we must 
equally admit that some of the waste substances are the direct 
products of the katabolif changes of the living substance itself, and 
were actually once part of the living substance. Hence we ought 
perhaps to distinguish the products of tlie activity of living matter 
into waste products proper, the direct results of katnbolic changes, 
and into by-products which are the results of changes effected by 
the living matter outside itself and which cannot therefore be con- 
sidered as necessarily either anabolic or katabolic. 

Concerning the chemical characters of the living matter itself 
we cannot at present make any very definite statement. We may 
■ay that proteid substance enters in some way into its structure 
and indeed forms a large part of it, but we are not justiKed in 
saying that the living substance consists only of proteid matter iu 
a peculiar condition. And indeed the persistency with which 
some representative of fatty bodies and some representative of 
carbohydrates always ap])enr In living tissue, would perhaps rather 
lead us to suppose that these e<]tially with pmteid material were 
essential to its structure. Again, thou^'h the behaviour of the 
nucleus as contrasted with that of the cell Viody leads us to 
suppose that the living substance of the former is a different kiml 
of living substance from that of the tatter, we do not know exactly 
in what the difference consists. The nucleus, as we have seen, 
contains nnclrin. which perhaps we may regard as a largely miHli- 
6ed proteid ; but a body which is remarkable for its stability, for 
the difficulty with which it is changed by chemical reagents, 
.cannot be regarded as an integral part of the essential mobile 
*' ' substance of the nucleus. 
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In this connection it may be worth while again to call attention 
to the fact that the corpuscle contains a very large quantity indeed 
of water, viz. about 90 p.c. Part of this, we do not know how much, 
probably exists in a more or less definite combination with the 
protoplasm, somewhat after the manner of, to use what is a mere 
illustration, the water of crystallization of salts. If we imagine a 
whole group of different complex salts continually occupied in turn 
in being crystallized and being decrystallized, the water thus 
engaged by the salts will give us a rough image of the water which 
passes in and out of the substance of the corpuscle as the result of 
its metabolic activity. We might call this " water of metabolism." 
Another part of the water, carrying in this case substances in 
solution, probably exists in spaces or interstices too small to be 
seen with even the highest powers of the microscope. Still another 
part of the water similarly holding substances in solution exists at 
times in definite spaces visible under the microscope, more or less 
regularly spherical, and called vacuoles. 

We have dwelt thus at length on the white corpuscle in the 
first place because, as we have already said, what takes place in it 
is in a sense a picture of what takes place in all living structures, 
and in the second place because the facts which we have mentioned 
help us to understand how the white corpuscle may carry on in 
the blood a work of no unimportant kind ; for from what has been 
said it is obvious that the white corpuscle is continually acting 
upon and being acted upon by the plasma. 

§ 31. To understand however the work of these white cor- 
puscles we must learn what is known of their history. 

In successive drops of blood taken at different times from the 
same individual, the number of colourless corpuscles will be found 
to vary very much, not only relatively to the red corpuscles, but 
also absolutely. They must therefore 'come and go.* 

In treating of the lymphatic system we shall have to point out 
that a very large quantity of fluid called lymph, containing a verj^ 
considerable number of bodies very similar in their general cha- 
racters to the white corpuscles of the blood, is being continually 
poured into the vascular system at the point where the thoracic 
duct joins the great veins on the left side of the neck, and to 
a less extent where the other large lymphatics join the venous 
system on the right side of the neck. These corpuscles of lymph, 
which, as we have just said, closely resemble, and indeed are with 
difficulty distinguished from the white corpuscles of the blood, 
but of which, when they exist outside the vascular system, it 
will be convenient to speak of as leucocytes, are found along the 
whole length of the lymphatic system, but are more numerous 
in the lymphatic vessels after these have passed through the 
lymphatic glands. These lymphatic glands are partly composed 
of what is known as adenoid iisstie, — a special kind of connective 
tissue arranged as a delicate network. The meshes of this are 




wded with colourless nucleated cells, which though varying in 
tizB. are for the most part small, the nucleus being surrounded 
iliy a relatively small (jiiautity of ctill-substaiice. Many ot these 
*ells shew sigua that ihey are uiuiergoing cell division, and we have 
reason to think that cells so formed, acquiring a larger auiouut of 
cell-substauce, becomt! ordinary leucocytes. lu other words, leuco- 
cytes multiply in the lymphatic glands, and leaving the glands by 
the lymphatic vessels, make their way to the blood. Patches and 
tracts of similar adenoid tissue, not arranged however as distinct 
glands but similarly occupied by developing leucocytes and simi- 
larly connected with lymphatic vessels, are found in various parts 
of the body, especially in the mucous membranes. Moreover, the 
lencoeytes appear to multiply by division during their abode in 

various lymph passages. Hence we may conclude that from 

ous parts of the body, the lym|ihatics are continually bringing 
the blood an abundnnt supply of leucocytes, and that these 

ime the ordinary white corpuscles of the blood. This is 
■|^bably the chief source uf the white corpusules, for though the 
'white corpuscles have been seen dividing in the blood itself, no 
laige increase, so far as we know, takes place in that way. 
, § 33. It follows that since white corpuscles are thus continu- 
«I!y being added to the blood, white corpuscles must as continually 
either be destroyed, or lie transformed, or escape from the interior 
of the blood vessels ; otherwise the blood would soon be blocked 
with white corpuscles. 

Some do leave the blood vessels. In treating of the circulation 
. we shall have to point out that white corpuscles are able to pierce 
'itiie walls of the capillaries and minute veins and thus to make 
^Aeir way from the interior of the blood vessels into spaces filled 
with lymph, — the " lymph spaces," as they are called, of the tissue 
lying outside the blood vessels. This is spoken of as the "' migra- 
tion of the white corpuscles." In an "iuHamed area" large 
numbers of white corpuscles are thus drained away from the 
blood into the lymph spaces of the tissue ; and it is probable that 
a similar loss takes place, more or less, under normal conditions. 
These migrating corpuscles may, by following the devious tracts 
of the lymph, find tlieir way back into the blood ; some of them 
however may remain, and undergo various changes. Thus, in 
inBamud areas, when suppuration follows inHammalion, the white 
corpuscles whicli have migrated may become ' pus corpuscles ;' or. 
where thickening and growth follow upon intlammatiou. may, 
according to many authorities, become transformed into temporary 
or permanent tissue, especially connective tissue ; hut this trans- 
formation into tissue is disputed. When an inflammation subsides 
without leaving any effect a tew corpuscles only will be found in 
the tissue ; those which Iiad previously migrated must therefore 
ive been disposed of in some way or other. 

In apeakiDg of tlie formation of ted corpuscles (g 27) we saw 
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that not only it is not proved that the nucleated corpuscles which 
give rise to red corpuscles are ordinary white corpuscles, but that- 
in all probability the real h^matoblasts, the parents of red cor- 
puscles, are special corpuscles developed in the situations where the 
manufacture of red corpuscles takes place. So far therefore from 
assuming, as is sometimes done, that the white corpuscles of the 
blood are all of them on their way to become red corpuscles, it 
may be doubted whether any of them are. In any case however, 
even making allowance for those which migrate, a very consider- 
able number of the white corpuscles must * disappear ' in someway 
or other from the blood stream, and we may perhaps speak of 
their disappearance as being a * destruction ' or * dissolution.' We 
have as yet no exact knowledge to guide us in this matter, but 
we can readily imagine that, upon the death of the corpuscle, the 
sujbstances composing it, after uTidergoing changes, are dissolved 
by and become part of the plasma, if so, the corpuscles as they 
die must repeatedly influence the composition and nature of the 
plasma. 

But if they thus affect the plasma in their death, it is even 
more probable that they influence it during their life. Being 
alive they must be continually taking in and giving out. As we 
have already said they are known to ingest, after the fashion of an 
amoeba, solid particles of various kinds such as fat or carmine, 
present in the plasma, and probably digest such of these particles 
as are nutritious. But if they ingest these solid matters they 
probably also carry out the easier task of ingesting dissolved 
matters. If however they thus take in, they must also give out , 
and thus bv the removal on the one hand of various substances 
from the plasma, and by the addition on the other hand of other 
substances to the plasma, they must be continually influencing the 
plasma. We have already said that the white corpuscles in shed 
blood as they die are supposed to play an important part in the 
clotting of blood ; similarly they may during their whole life be 
engaged in carrying out changes in the proteids of the plasma 
which do not lead to clotting, but which prepare the proteids for 
their various uses in the bodv. 

Pathological facts afford support to this view. The disease 
called leucocy thaeraia (or leuknpmia) is characterised by an increase 
of the white corpuscles, both absolute and relative to the red 
corpuscles, the increase, due to an augmented i)roduction or 
possibly to a retarded destruction, being at times so great as to 
give the blood a pinkish grey appearance, like that of blood mixed 
with pus. We accordingly find that in this disease the plasma is 
in many ways profoundly affected and fails to nourish the tissues. 
As a further illustration of the possible actions of the white 
corpuscles we may state that, in certain diseases in which minute 
organisms, such as bacteria, make their appearance in the blood 
and tissues, white corpuscles may attack and devour these bacteria, 
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ihus acting as " phagocytes," and in this wny. or otherwise, by 
' exerting some iufluence on the bacteria or the products of their 
ftctivity, modify the course of the disease of which tlie bacteria are 
tlie essential cause. 

If the white corpuscles are thus engaged during their life 
in carrying on important labours, we may expect them to differ 
in appearance according to tlieir condition as determined by their 
work. On the other hand, we may suppose that there are distinct 
kinds nf white corpuscles, having different functions and possibly 
different origins and histories. 

We may in human blood distinguish the following forms of 
white corpuscles. The most common form of corpuscle is one, the 
cell substance of which is finely or rather obscurely granular, — that 
is to say, the granules are both small and not sharply defined by 
difference in retractive power from the ground substance (Fig. 
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Onlinary. finelj or obsclirel)' ftnuiDlsr corpusole, nith irre^l&rly a!ia|>«>l 
A'. Ttie *ame itaiueitlo sheir unclear network. B. RyMiae Fur|j[iM*lD 
vjth Kpherical or oral nncleun C, ImmiUiire rarpuncle with scauly cell (ubslancu. 
O t-arn corpuscle with cuiispicnoua, cuanc, cliscrcte grannlea itainipg rerj' leailll v 
wilh wiame: eoBiiiuphile cell. I'' The same ■Milieil to shew nuclear ndwnrli, 
K. Corpascle with diKreie grauules. not Btaining readily with eoaine, but sMiniug 
Nkdily wiih Inuic dj-at snch u inrthjl-btDC. 

A). The nucleus of this form of corpuscle is irregular in shape, 
liag lobed or even composed of two, three, or more parts united 
narrow threads. 

Less common than the above is a corpuscle (Fig. 1, B} the cell- 
ibstance of which as a rule appears almost or even quite hyaline 
the nucleus of which is spherical, and shews very distinctly, 
rhen appropriately stained, a ' nuclear network,' — that is to say, 
to consist of a network of stained threads (' chromatin' 
ircads) and of an unstained or less deeply-stained tnnterial filling 
up the meshes of the network. Such a nuclear network is also 
present in the obscurely prannlarcell just spoken of. but appears 
not to be seen so readily and has lieen overlooked. 

Hotb these cells exhibit amoeboid movements, and both are 
able, after the fashion of an amceba, to iugest solid matters from 
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the plasma ; both are cells which eat, and both therefore may be 
spoken of as "phagocytic." But the hyaline cell appears, under 
ordinary circumstances, to be more active in its movements and 
more ready to ingest solid matters than the obscurely granular 
cell. In the case of both cells, the matters ingested may be 
changed by the action of the cell-substance, broken up, and 
partially dissolved ; they may be digested in fact. And both 
forms may contain granules or particles, the result of material so 
ingested. 

A small cell, characterized by the scanty amount of cell- 
substance (Fig. 1, C) surrounding the nucleus, which is spherical, 
and which exhibits a nuclear network, seems to be a young or 
immature corpuscle, — possibly a young form of the hyaline cell. 

Very scanty in the blood under normal circumstances but 
abundant in certain parts of the lymph system is a corpuscle 
(Fig. 1, D) of somewhat large size with an irregular or lobed 
nucleus, and with a cell-substance the striking feature of which 
is that it is laden with numerous coarse, obviously discrete 
granules. These granules moreover stain very rapidly and deeply 
with the dye eosine ; hence these corpuscles have been called 
' eosinophile cells.' The smaller obscure granules of the obscurely 
granular corpuscle do not stain readily with eosine, though they do 
stain with certain other special dyes. The eosinophile corpuscle 
is under ordinary circumstances sluggish in its amoeboid move- 
ments and is not known to ingest solid particles ; indeed we have 
reason to think that the eosinophile granules are not to be regarded 
as food particles taken in from without, but that they are the 
result of the metabolism of the cell-substance, — that they are 
formed by the cell itself. We may probably look upon them as 
being of the same order with the granules which we shall study 
later on as characteristic of secreting cells. 

Lastly, a very infrequent corpuscle is one (Fig. 1, E) which 
resembles the eosinophile corpuscle in having a lobed or irregular 
nucleus, and in having the cell substance more or less loaded with 
discrete granules ; but the granules are small and do not stain 
eagerly with eosine, though they do stain readily with certain 
basic dyes, such as methyl-blue. 

What are the exact relations of these several forms, how far 
they are to be regarded as distinct kinds or merely phases of the 
same kind, must be left for future inquiry. 



Blood Platelets. 

§ 33. In a drop of blood examined with care immediately 
after removal, may be seen a number of exceedingly small bodies 
(2 /A to 3 /A in diameter) frequently disc-shaped but sometimes of a 
rounded or irregular form, homogeneous in appearance when quite 



J fresh but apt to assume a faintly granular aspect. They are 
I called blood platelets. They have been supposed by some to become 
I developed into and indeed to be early stages of the red corpuscles, 
[ ftnd hence have been called hiematoblasts ; but tliis view has not 
' beeu confirmed ; indeed, as we have seen (§ 27), the real hiemato- 
blasts or developing red corpuscles are of quite a different nature. 

They speedily undergo change after removal from the body, 
apparently dissolving in the plasma ; they break up, part of their 
substance disappearing, while the rest becomes granular. Their 

(granular remains are apt to run together, forming in the plasma the 
ihapeless masses which have long been known and described as 
•' lumps of protoplasm." By appropriate reagents, however these 
platelets may be fixed and stained in the condition in which they 
appear after leaving the body. 

The substance composing them is peculiar; and though we 
may perhaps speak of them as consisting of living material, their 
nature ia at present obscure. They may be seen within the living 
blood vessels, and therefore must be regarded as real parts of the 
blood and not as products of the changes taking place in blood 
after it has been shed. 

When a needle or thread or other foreign body is introduced 
into the interior of a blood vessel, they are apt to collect upon, and 
, indeed are the precursors of the clot which in most cases forms 
around, the needle or thread. They are also found in the thrombi 
or plugs which sometimes form in the blood vessels as the result of 
disease or injury. Indeed it has been maintained that what are 
called u>/tt^e thromhi (to distinguish them from red thrombi, which 
are plugs of corpuscles and fibrin) are in reality aggregations of 
blood platelets ; and for various reasons blood platelets have been 
Bupposed to play an important part in the clotting of blood, carrj-ing 
out the work whicit in this respect is by others attributed to the 
white corpuscles. But no very definite statement can at present 
be made about this ; and indeed the origin and whole nature 
u of these blood platelets is at present obscure. 




SEC. 3. THE CHEMICAL COMPOSITION OF BLOOD. 



(/>^ § 34. We may now pass briefly in review the chief chemical 
characters of blood, remembering always that, as we have already 
urged, the chief chemical interests of blood are attached to the 
changes which it undergoes in the several tissues ; these will be 
considered in connection with each tissue at the appropriate place. 

The average specific gravity of human blood is 1055, varying 
from 1045 to 1075 within the limits of health. 

The reaction of blood as it flows from the blood vessels is 
found to be distinctly though feebly alkaline. If a drop be placed 
on a piece of faintly-red highly-glazed litmus paper, and then 
wiped ofif, a blue stain will be left. 

The whole blood contains a certain quantity of the gases, 
oxygen, carbonic acid, and nitrogen, which are held in the blood in 
a peculiar way, and which are given ofif from blood when exposed 
to a vacuum or to an atmosphere of suitable composition ; the 
relative amounts differ in dififerent kinds of blood, and so serve 
especially to distinguish arterial from venous blood. These gases 
of blood we shall study in connection with respiration. 

The normal blood consists of corpuscles and plasma. 

If the corpuscles be supposed to retain the amount of water 
proper to them, blood may, in general terms, be considered as 
consisting by weight of from about one-third to somewhat less 
than one-half of corpuscles, the rest being plasma. As we have 
already seen, the number of corpuscles in a specimen of blood is 
found to vary considerably, not only in dififerent animals and in 
dififerent individuals, but in the same individual at dififerent times. 

The plasma is resolved by the clotting of the blood into serum, 
and fibrin. 

§ 36. The serum contains in 100 parts 
Proteid substances about 8 or 9 parts. 

Fats, various extractives, and saline matters „ 2 or 1 „ 

Water „ 90 



The proteida are paraglohdin. and serum albumin (there being 
probably more than one kind of serum albumin) in varying pro- 

LportioD. We may perhaps, roughly speaking, say that they occur 

Eu about equal quantities. 

I Conspicuous and striking as are the results of clotting, mas- 

sive as appears to be the clot which is formed, it must be remem- 
bered that by far the greater part of the clot consists of corpuscles. 
The amount by weight of fibrin required to bind together a number 
of corpuscles in order to form even a large firm clot is eiceediugly 
small. Thus the average quantity by weight of fibrin in human 
blood is said to be 2 p.c. ; the amount however which can be 
obtained from a given quantity of plasma varies extremely, the 

I Tariation being due not only to circumstances a£fectiug the blood, 

Ebut also to the method employed. 

I The fats, which are scanty, except after a meal or in certain 
pathological conditions, consist of the neutral fats, stearin, palmitin, 
and olein, with a certain quantity of their respective alkaline soaps. 
The peculiar complex fat lecithin occurs in very small quantities 
only ; the amount present of the peculiar alcohol cholesterin which 
has so fatty an appearance is also small. Among the extractives 
present in serum may be put down nearly all the nitrogenous 
and other substances which form the extractives of the body and 
of food, such as urea, kreatin, sugar, lactic acid, &c. A very 
large number of these have been discovered in the blood under 
various circnmstanciis, the consideration of which must be left for 
the present. The peculiar odour of blood or of serum is probably 
due to the presence of volatile bodies of the fatty acid series. The 
faint yellow colour of serum is due to a special yellow pigment. 
The most characteristic and important chemical feature of the 
saline constitution of the serum is the preponderance, at least in 
man and moat animals, of sodium salts over those of potassium. 
In this respect the serum offers a marked contrast to the corpuscles. 
Less marked, but still striking, is the abundance of chlorides and 
s poverty of phosphates in the serum as compared with the 
■puscles. The salts may in fact brietly be described as consistiiig 

^ifaieliy of sodium chloride, with some amount of sodium carbonate, 
«r more correctly sodium bicarbonate, and potassium chloride, with 
small quantities of sodium sulphate, sodium phosphate, calcium 
phosphate, and magnesium phosphate. And of even the small 

-quantity of phosphates found in the ash, part of the phosphorus 
ixists in the serum itself, not as a phosphate butas phosphorus in 
nme organic body. 

§ 36. The red corpuscles contain less water than the serum, 
the amount of solid matter being variously estimated at from 30 to 
40 or more p.c. The solids are almost entirely organic matter, the 
inorganic »alts amounting to less than 1 p.c. Of the organic matter 
again by far the lai^r part consists of haemoglobin. In 100 parts 
of the dried organic matter of the corpuscles of human blood, about 
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90 parts are haemoglobin, about 8 parts are proteid substances, 
and about 2 parts are other substances. Of these other substances 
one of the most important, forming about a quarter of them and 
apparently being always present, is lecithin. Cholesterin appears 
also to be normally present. The proteid substances which form 
the stroma of the red corpuscles appear to belong chiefly to the 
globulin family. As regards the inorganic constituents, the cor- 
puscles are distinguished by the relative abundance of the salts 
of potassium and of phosphates. This at least is the case in man ; 
the relative quantities of sodium and potassium in the corpuscles 
and serum respectively appear however to vary in different 
animals ; in some the sodium salts are in excess even in the 
corpuscles. 

§ 37. The proteid matrix of the white corpuscles, we have 
stated to be composed of myosin (or an allied body), paraglobulin, 
and possibly other proteids. The nuclei contain nuclein. The 
white corpuscles are found to contain in addition to proteid ma- 
terial, lecithin and other fats, glycogen, extractives, and inorganic 
salts, there being in the ash as in that of the red corpuscles a 
preponderance of potassium salts and of phosphates. 
l^ The main facts of interest, then, in the chemical composition of 
the blood are as follows: The red corpuscles consist chiefly of 
haemoglobin. The organic solids of serum consist partly of serum- 
albumin, and partly of paraglobulin. The serum or plasma 
contrasts, in man at least, with the corpuscles, inasmuch as the 
former contains chiefly chlorides and sodium salts while the latter 
are richer in phosphates and potassium salts. The extractives of 
the blood are remarkable rather for their number and variability 
than for their abundance, the most constant and important being 
perhaps urea, kreatin, sugar, and lactic acid. . 
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§ 38. The quantity of blood cootained in the whole vascular 
system is a balance struck between the tissues which give t« and 
those which take away from the blood. Thus the tissues of the 
alimentary canal largely add to the blood water and the material 
derived from food, while the excretory organs largely take away 
water and the other substances constituting the excretions. Other 
tissues both give and take; and the considerable drain from the 
blood to the lymph spaces which takes place in the capillaries is 
met by the flow of lymph into the great veins. 

From the result of a few observations on executed criminals it 
has been concluded that the total quantity of blood in the human 
body ia about ^ih of the body weight. But in various animals, 
the proportion of the weight of the blood to that of the body has 
been found to vary very considerably in different individuals , and 
probably this holds good for man also, — at all events within cer- 
tain limits. 

Id the same individual the quantity probably does not vary 
largely, A sudden drain upon the water of the blood by great 
activity of the excretory oi^ans, as by profuse sweating, or a 
sadden addition to the water of the blood, as by drinking large 
quantities of water or by injecting fluid into the blood vessels, is 
mpidly compensated by the passage of water from the tissues to 
the blood or from the blood to the tissues. As we have already 
said, the tissues are continually striving to keep up an average 
composition of the blood, and in so doing keep up an average 
quantity. In starvation the quantity <and quality) of the blood 
is maintained for a long time at the expense of the tissues, so 
that after some days deprivation of food and drink, while the fat, 
the muscles, and other tissues have been largely ditninished, the 
^oantity of blood remains nearly the same. 
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The total qnantitr of blood present in an animal body is estimated 
in the foUowing way : As much blood as possible is allowed to escape 
from the Tessels; this is measured directly. The vessels are then 
washed oat with water or normal saline solution, and the washings 
carefully collected, mixed, and measured. A known quantity of blood 
is diluted with water or normal saline solution until it possesses the 
same tint as a measured specimen of the washings. This gives the 
amount of blood (or rather of haemoglobin) in the measured specimen, 
from which the total quantity in the whole washings is calculated. 
Lastly, the whole body is carefully minced and washed free from blood. 
The washings are collected and filtered, and the amount of blood in 
them is estimated as before by comparison with a specimen of diluted 
blood. The quantity of blood, as calculated from the two washings, 
U^ther with the escaped and directly measured blood, gives the total 
quantity of blood in the body. 

The method is not free from objections, but other methods are open 
to still graver objections. 

The blood is in round numbers distributed as follows : — 
About one-fourth in the heart, lungs, large arteries, and veins, 

liver, 
„ skeletal muscles, 
other organs. 

Since in the beart and great blood vessels the blood is simply 
in transit, without undergoing any great changes (and in the 
lungs, so far as we know, the changes are limited to respiratory 
changes), it follows that the changes which take place in the blood 
passing through the liver and skeletal muscles far exceed those 
which take place in the rest of the body. 
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§ 38. In order that the blood may nourish the several tissues 
it is carried to and from them by the vascular mechanism ; and 
this carriage entails active movemeuts. In order that the blood 
may adequately nourish the tissues, it must be replenished by food 
from the alimentary canal, and purified from waste by the excretory 
organs ; and both these processes entail movemeuts. Hence before 
we proceed further we must study some of the general characters 
of the movements of the body. 

Most of the movements of the body are carried out by means 
of the muscles of the trunk and limbs, which being connected with 
the skeleton are frequently called skeletal muscles. A skeletal 
muscle when subjected to certain influences suddenly shortens, 
bringing its two ends nearer together; and it is the shortening 
which, by acting upon various bony levers or by help of other 
mechanical arrangements, produces the movement Such a tem- 
porary shortening, called forth by certain influences and due as we 
shall see to changes taking place in the muscular tissue forming 
the chief part of the muscle, is technically called a contraction of 
the muscle ; and the muscular tissue is spoken of as a contractile 
tissue. The heart is chiefly composed of muscular tissue, differing 
in certain minor features from the muscular tissue of the skeletal 
muscles ; and the beat of the heart is essentially a contraction of 
the musclar tissue composing it, a shortening of the peculiar 
moscular fibres of which the heart is chiefly made up. The 
movements of the alimentary canal and of many other oi^ans are 
Bimilarly the results of the contraction of the muscular tissue 
entering into the composition of those organs, of the shortening of 
certain muscular fibres built up into those organs. In fact almost 
all the movements of the body are the results of the contraction of 
fibres, of various nature and variously disposed. 
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Some few movements however are carried out by structures 
which cannot be called muscular. Thus in the pulmonary passages 
and elsewhere movement is effected by means of cilia attached to 
epithelium cells ; and elsewhere, as in the case of the migrating 
white corpuscles of the blood, transference from place to place in 
the body is brought about by amoeboid movements. But, as we 
shall see, the changes in the epithelium cell or white corpuscle 
which are at the bottom of ciliary or amoeboid movements are in 
all probability fundamentally the same as those which take place 
in a muscular fibre when it contracts. They are of the nature of 
a contraction, and hence we may speak of all these as different 
forms of contractile tissue. 

Of all these various forms of contractile tissue the skeletal 
muscles, on accoimt of the more complete development of their 
functions, will be better studied first; the others, on account 
of their very simplicity, are in many respects less satisfactorily 
understood. 

All the ordinary skeletal muscles are connected with nerves. 
We have no reason for thinking that they are thrown into con- 
traction, under normal conditions, otherwise than by the agency of 
nerves. 

Muscles and nerves being thus so closely allied, and having 
besides so many properties in common, it will conduce to clearness 
and brevity if we treat them together. 




J40l The skeletal musclea of a bog, the brain and spinal 
of which have been destroyed, do not exhibit any spontaneous 
movements or contractions, even though the nerves be otherwise 
quite intact. Left undisturbed the whole body may decompose 
without any contraction of any of the skeletal muscles having 
been witnessed. Neither the skeletal muscles not the nerves 
distributed to them possess any power of automatic action. 

If however a muscle be laid bare and be more or less violently 
disturbed, — if for instance it be pinched, or touched with a hot 
wire, or brought into contact with certain chemical substances, 
or subjected to the action of galvanic currents, — it will move, that 
is contract, whenever it is thus disturbed. Though not exhibiting 
any apontaneous activity, the muscle is (and continues for some 
time after the general death of the animal to be) irritable. 
Though it remains quite quiescent when left untouched, its 
powers are then dormant only, not absent These require to be 
roused or ' stimulated ' by some change or disturbance in order 
that they may manifest themselves. The substances or agents 
which are thus able to evoke the activity of an irritable muscle 
a spoken of as stimuli. 

But to produce a contmction in a muscle the stimulus need 
not be applied directly to the muscle ; it may be applied indirectly 
by means of the nerve. Thus, if the trunk of a nerve be pinched, 
or subjected to sudden heat, or dipped in certain chemical sub- 
stances, or acted upon by various galvanic currents, contractions 
are seen in the muscles to which branches of the nerve are 
distributed. 

The nerve like the muscle is irritable ; it is thrown into a state 

of activity by a stimulus ; but unlike the muscle it does not itself 

coDtract The stimulus does not give rise in the nerve to any 

I visible change of form ; but that changes of some kind or other 
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are set up and propagated along the nerve down to the muscle is 
shewn by the fact that the muscle contracts when a part of the 
nerve at some distance from itself is stimulated. Both nerve and 
muscle are irritable, but only the muscle is contractile, — i. e., mani- 
fests its irritability by a contraction. The nerve manifests its 
irritability by transmitting along itself, without any visible altera- 
tion of form, certain molecular changes set up by the stimulus. 
We shall call these changes thus propagated along a nerve, 
'nervous impulses.* 

§ 41. We have stated above that the muscle may be thrown 
into contractions by stimuli applied directly to itself. But it 
might fairly be urged that the contractions so produced are in 
reality due to the fact that the stimulus, although apparently 
applied directly to the muscle, is, after all, brought to bear on some 
or other of the many fine nerve-branches, which as we shall see are 
abundant in the muscle, passing among and between the muscular 
fibres in which they finally end. The following facts however go 
far to prove that the muscular fibres themselves are capable of 
being directly stimulated without the intervention of any nerves. 
When a frog (or other animal) is poisoned with urari, the nerves 
may be subjected to the strongest stimuli without causing any 
contractions in the muscles to which they are distributed; yet 
even ordinary stimuli applied directly to the muscle readily cause 
contractions. If before introducing the urari into the system^ 
a ligature be passed underneath the sciatic nerve in one leg, — for 
instance the right, — and drawn tightly round the whole leg to the 
exclusion of the nerve, it is evident that the urari when injected 
into the back of the animal, will gain access to the right sciatic 
nerve above the ligature, but not below, while it will have free 
access to the rest of the body, including the whole left sciatic. If,, 
as soon as the urari has taken effect, the two sciatic nerves be 
stimulated, no movement of the left leg will be produced by stimu- 
lating the left sciatic, whereas strong contractions of the muscles of 
the right leg below the ligature will follow stimulation of the right 
sciatic, whether the nerve be stimulated above or below the ligature. 
Now, since the upper parts of both sciatics are equally exposed ta 
the action of the poison, it is clear that the failure of the left nerve 
to cause contraction is not attributable to any change having taken 
place in the upper portion of the nerve, else why should not the 
right, which has in its upper portion been equally exposed to the 
action of the poison, also fail ? Evidently the poison acts on some 
parts of the nerve lower down. If a single muscle be removed from 
the circulation (by ligaturing its blood vessels), previous to the 
poisoning with urari, that muscle will contract when any part of the 
nerve going to it is stimulated, though no other muscle in the body 
will contract when its nerve is stimulated. Here the whole nerve 
right down to the muscle has been exposed to the action of the 
poison ; and yet it has lost none of its power over the muscle. Oa 
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the other hand, if the muscle be allowed to remain ia the body. 
and so be exposed to the action of the poison, but the nerve be 
divided high up and the part connected with the muscle gently 
lifted up before the urari is introduced into the syatem, so that no 
blood Hows to it and so that it is protected from the influence of 
the poison, stimulattou of the nerve will be found to produce no 
contractions in the muscle, though stimuli applied directly to the 
muscle at once cause it to contract, From these facts it is clear 
tliat urari poisons the ends of the nerve within the muscle long 
before it affects the trunk ; and it is exceedingly probable that it 
is the very extreme ends of the nerves (possibly the end-plates, or 
peculiar structures in which the nerve fibres end in the muscular 
fibres, — for urari poisoning, at least when profound, causes a slight 
hut yet distinctly recognbable eflect in the microscopic appearance 
of these structures) which are affected. The phenomena of urari 
poisoning therefore go far to prove that muscles are capable of 
being made to contract by stimuli applied directly to the muscular 
fibres themselves ; and there are other facts which support this 
view. 

§ 42. When in a recently killed frog we stimulate by various 
means and in various ways the muscles and nerves, it will be 
observed that the movements thus produced, though very various, 
may be distinguished to be of two kinds. On the one hand, the 
result may be a mere twitch, as it were, of this or that muscle ; 
on the other hand, one or more muscles may remain shortened, 
contracted for a considerable time, — a limb tor instance being 
raised up or stretched out. and kept raised up or stretched out for 
many seconds. And we find upon examination that a stimulus 
may be applied either in such a way as to produce a mere twitch, 
— a passing, rapid contraction which is over and gone in a fraction 
of a second, — or in such a way as to keep the muscle shortened or 
contracted for so long time as. up to certain limits, we may choose. 
The mere twitch is called a single ur timpU musnUar cvnlraclwn ; 
tite atistained contraction, which as we shall see is really the result 
of rapidly repeated simple contractions, is called a Utanu; con- 
traction. 

^43. In order to study these contractions adequately, we must 
iiBve recourse to the ' graphic method ' as it is called, and obtain a 
tracing or other record of the change of form of the muscle. To 
do this conveniently, it is best to oprate with a muscle isolated 
troia the rest of the body of a recently killed animal, and carefully 
prepared in such n way as to remain irritable for some time. The 
moBcles of cold blooded animals remain irritable after removal 
from the body far longer than those of warm blooded animals, and 
heaca those of the frog are generally made use of. We shall study 
presently the conditions which determine this maintenance of the 
'tability of muscles and nerves after removal from the body. 

A muscle thus isolated, with its nerve left attached to it, ia 
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called a musele-neroe preparation. The moat convenient muscle 
for this purpose in the frc^ is perhaps the gastrocnemius, which 
should be dissected out so as to leave carefully preserved the 
attachment- to the femur above, some portion of the tendon (tendo 
achillis) below, and a considerable length of the sciatic nerve with 
its branches going to the muscle. Fig. 2. 
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m, the moBcle, gssCrocnemiai of frog ; n, the sciatic oerre, all the bnnchea 
beioe cnt awaj except that sapplying the muscle ; /, femoi ; ct. clamp ; t. a. tendo 
achillis;.!^. c. end of spinal caaal. 

§ 44. We may apply to such a muscle-nerve preparatioD the 
various kinds of stimuli spoken of above, — mechanical, such as 
pricking or pinching ; thermal, such as sudden heating ; chemical, 
such as acids or other active chemical substances, or electrical ; 
and these we may apply either to the muscle directly, or to the 
nerve, thus affecting the muscle indirectly. Of all these stimuli 
by far the most convenient for general purposes are electrical 
stimuli of various kinds ; and these, except for special purposes, 
are best applied to the nerve, and not directly to Uie muscle. 

Of electrical stimuli again, the currents, as they are called, 
generated by a voltaic cell are most convenient, though the 
electricity generated by a rotnting magnet, or that produced by 
friction, may be employed. Making use of a cell or battery of cells, 
Daniell s, drove's, Leclanch^, or any other, we must diatii^aish 
between the current produced by the cell itself (the corutaiU 
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turrentas we shall call it) aud the induced current obtained trom 
the coDStaot current by mt^ons of an induction coil, as it is called ; 
(or the physiological effects of the two kinds of current are ia 
many ways differeut 

It may perhaps be wnrth white to remind the reader of the following 
feots: — 

In a galvanic battery, the euhataDce (plate of anc for imttanue) 
nbicb is acted upon and used up by tbc liquid is called the potilivt 
element, and the substoncti wlauh ia not bo acted upon and used up 
(plate &c. of copper, platinum, or carbou, &c.) ia iialled the negative 
element. A galvanic action ia set up when the positive (ziuc) atid the 
negative (copper) elemeuta are connected outside the battery by some 
conductiag material, flucb as a wire, and the current ia said to flow in a 
dicuit or circle from the /,tnc or positive element to the copper or 
negative element iimdt thf. battery, and then from the copper or ne^'ative 
element back to the zinc or positive element through the wire mittide 
ttubnUrry. If the conilucting wire be cut through, the current ceases 
to flow ; hut if the cut ends be brought into contact, the current is re- 
established and continues to flow so long as the contact is good. The 
ends of the wires are called ' poles,' or when used for physiological 
purposes, in which ease they may be foflliionod in various ways, are 
spoken of as eleetrodtt. Wlieit the polee are brought into contact or 
are connected by some conducting material, galvanic action is set up, 
and the current Hows through the battery and wires ; this is spoken of 
as " making the current " or " completing or closing the circuit." MHien 
the poles are itrawn apart from each other, or wlien some non-conducting 
material is interposed between them, the galvanic action is arrested ; 
this is spoken of as "breaking the current" or "opening the circuit." 
Th« ourrent passes from the wire connected with the negative (copper) 
elsDient in the Kttlery to t)io wire connected with the positive (dnc) 
element in the battery ; hence the pole connected with the copper 
(n^ative) element is called the jxaitivf pole, and that L-onnect«<l with 
the EJnu (positive) element is called the iterative pole. When used for 
physiological purposes the positive pole becomes the positive electrode, 
F rod the n^ative polo the negative electrode. The positive electrode is 
[ often spoken of as the anode (ana, up), and the negative electrode as 
the kathode (kata, domi). 

A piece of nerve of ordinary length, though not a good conductor, 
is still a conductor, and when placed on the electrodes, completes the 
circuit, permitting the current to pass through it ; in order to remove 
the nerve from the influence of the current it most be litte<l oB* from 
the electrodes. This is obviously inconvenient; and hence it is usual 
to amnge a means of opening or closing the circuit at some point along 
one of the two wires. This may be done in various ways, — by fastening 
one part of the wire into n cnp of mercury and so by dipping the other 
part of the wire into the cup to close the circuit and make the current, 
and by lifting it out of the mercury to open the circuit and break the 
enrrent ; or by arranging, between the two parts of the wires, a 
moreable bridge of good conducting material such as brass, which can 
be pat down to close the circuit or raised up to open the circuit ; or in 
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other ways. Such a means of closmg and opening a circuit and so of 
making or breaking a current is called a key. 

A key which is frequently used by physiologists goes by the name of 
du Bois-Eeymond's key; though undesirable in many respects it has 
the advantage that it can bo iised in two different ways. It may be 
arranged as in A, Fig. 3. In this case, when the brass bridge of K, 
the key is put down (dotted outline in the figure), so as to form a 
means of good conduction between the brass plates to which the wires 
are screwed, the circuit is closed and the current passes from the posi- 
tive pole (end of the negative — copper — element) to the positive electrode 
or anode, An. through the nerve, to the negative electrode or kathode 
KaU and tlience back to the negative pole (end of the positive — zinc — 




Fio. 3. Diagram op Du Boi8-RBTMOin> Kbt used, A, fob Making and BRSAKixOy 

B, FOB Shobt Cibcuiting. 

element) in the battery ; on raising the brass bridge (continuous outline 
in the figure) the circuit is opened, the current broken, and no current 
passes through the electrodes. Or it may be arranged as in K In 
this case if the brass bridge be ' down,' the resistance offered by it is so 
small compared with the resistance offered by the nerve between the 
electrodes, that the whole current from the battery passes through the 
bridt^e, back to the battery, and none, or only an infinitesimal portion, 
passes into the nerve. When on the other hand the bridge is raised, 
and so the conduction between the two sides suspended, the current is 
not able to pass directly from one side to the other, but can and does 
pass along the wire through the nerve back to the battery. Henoe in 
arrangement A, ' putting down the key ' aa it is called makes a current 
in the nerve, and ' raising ' or ' opening the key ' breaks the current. In 
arrangement B, however, putting down the key diverts the current from 
the nerve by sending it through the bridge, and so back to the batteiy ; 
the current instead of making the longer circuit through the electrodes 
makes the shorter circuit through the key ; hence this is called ' short 
circuiting.' When the bridge is raised the current passes through the 
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nerve nil tlie electrixlGs. Tims' putting down' and 'ruUing or ' opening ' 
the key have contrary effocta in A and 6. In B, it will be observed, 
the battery ie always at work, tlie current is nlways flowing either 
throogb the electrodes (key up) or tlirough the key (key down): in 
A, the battery is not ut wgrk until the circuit is made by putting 
Juwn the key. And in many cases it is desirable to take so to speak 
■ sample of the current while the battery is in full swing rather than 
just as it begins to work. Moreover in B the electrodes are, when the 
k«y is down, wholly shut off from llie current ; whereas in A, when 
the key is up, one electrode is still in clirect connection with the battery ; 
and this connection, Iea<ling to what is known as unipolar action, may 
give rise to stimulation of the nerve. Hence the use of the key in 
the foru B. 

Other forma of key may be used. Thus in the Morse key (F, Fig. 
4) contact is made by pressing down a lover handle (ha); when the 

fiessure is removeil, the handle, driven up by a spriug, breaks contact. 
Q the arrangement shewn in the figure one wire from the battery 
being brought to the binding screw b, while the binding screw a is 
connected with the other wire, putting down the handle makes connec- 
tion between a and b, and tlius makes u current. By arrunging the wires 
in the several binding screws in a different way, the making contact by 
depressing the handle may )« used to short circuit. 

In an " induction coil," Figs, i and 5, the wire connecting the two 
elements of a battery is twisted nt some part of its course into a close 
spiral, called the primary eoiL Thus in Fig. 4 the wire z'" connected 
with the copper or negative plate c.p. of the battery, E , joins the 
primary coil pr. e., and then passes on as y"', through the " key " F, 
to the positive (line) plate t.p. of the battery. Over this primary coil, 
bat quite unconnected with it, slides another coil, — the secondary coU, ».e. ; 
kbe enda of the wire forming this coil, y" and x", are continued on in 
the amngement illustrated in tlie figure as y and y, and as z* and x, 
' terminate in electrodes. If these electrodes are in contact or con- 
Becte<) nith conducting material, the circuit of the secondary coil is said 
to be closed ; otherwise it is open. 

In such an arrangement it is found that at the moment when 
Ibe primary circuit is closed, — i. <. when the primary current is " made," 
a secondary " induced " current is, for an exceedingly brief period of 
lime, set up in the secondary coil. Thus iu Fig. 3 when, by moving 
" key " F, y"' and x'" (previously not in counection with'each other) 
put into conneotion and the primary current thus made, at that 
instant a current appears in the wires y x" 4c., but almost immediately 
disuppeon. A similar almost instantaneous current is also developed 
vhen the primary current is " broken," but not till then. So long as 
'le primary current flows with uniform intensity, no current is indureil 
9 secondary coil. It is only when the primary current is either 
or broken, or suddenly varies in intensity, that a current appears 
secondary evil. In each case the current is of very brief 
ion, gone in an instant almost, and may therefore be spoken of as 
" an induction shock, — being called a " making shock " when 
by the making, ami a "breaking shock" when it is caused 
the bieakjng, of the primary circuit. The direction of the current 








^1 \ II 




>i li^^^^Huy^F^^^l^^i ^ 



iCBAP. II.] THE CONTRACTILE TISSUES, 



I KXPEKIUENTB 



, TIm moist chamber footaining the miucle-norve prepnnlioa. Tho mtucle 
«, lappocted by the clamp tL, which flrmly gnupa Che end of the femur /, u 
coDtiei-wtl by tneiuu of ihe S hook i sod n thruad with the lever /, pUced Inluw 
tbo moist cbwnber. The nerro n, with tlie portiou of the spiuol colmnii n' still 
attached to it. ii placed on the electrode-haldei tl, in contact with the wire* 
I, If. The whole of the iuterinr of Che glass cane gl. is kepc saturated with 
moiMare. aud the electrode- holder ]■ so coustructed ihat a piece of tnoisCeneil 
bloCting-iiaper maj be placed ou it wiChoaC comiug iuLo coatact with the 

I £. The revolving cylinder bearing the smoked paper aa which the lever writes. 



) V. Dn Bois-Reymood'a key arranged for ihort^irt 



iting. The wires z and y of 



. „ . B Mcnred in the key, one on 

eidier tide. To the same key are attached the wire* ^' y" coming from the 
•econdwy coils *. r. of Che induction-coil D. This secondary coil can tie made to 
dide up and down over the primary cuil or. c, with which are coaaected the two 
wirea x'" and y"'- r"" a couuecled directlv with one pole, for iustance the copper 

Kle c. p. of the battery A', y"' is carried to a binding screw u of the Mone key 
, and is continned as y" from another binding screw b of the key Eo Che sine 
pole 1. p. of the battery. 

rvthing to he arranged, and the hatteiT charged, on depressing the 

Nione key /', a current will bo made in the primary coil pr. c, 

wing from e. p. chruugh i'" to /ir, c, and thence through «'" to a, thence to h, 

A so through y" to :, p. Ou removing che dtiger from tiie handle ut F, a spring 

msca Dp the handle, and the primary circuit ia in cousoqueuce immediately 

■ hmken. 



m (in Bols-Keymund'* k«v be raised |w shewn in the thick line in the Sgn 



I- i' I 



the n 



e),th 



^ wiieuBver the primary ci 

» bw of the du Boit-Reymond's kejr be shnt down, as in the dotted line k' 
. a*, the tesisuuice of the cross liar is su slight compared with Chat of the nerve 
d of the wire* going from the key to the nerve, that che whole secondary (induced) 
r (or from y" lo x"), along the cross bar. and pracCically 
The nerve being tbos " short-circuited." is not aSecCed 
f any changes in the concnt. 

KXka flgnre is intended merely In illosirato the general method of studying mnscnlar 
eootraction ; ii is not to be sappoanl that the details here given are nniv«naUy 
adopted or indeed the best for all purposes. 

B the making shock ia oppiiseJ to that of tlia primary current; thus in 
Igura while the primiify current flows from x"' to y"', the induced 
J shock flows from y Ui x. The current of the breaking shock 
I the other lianil dows in the snnie directiiiu aa the primary current 
1 X to 3/, and is therofore in direction the reverse of the making 
Compate Fig. 4, where arrangement, ia shewn in a diagramniAtic 

The current from the battery, upon its first entrance into th« 

L^mary coil, as it passes along each twist of that coil, gives rise in the 

^iwigbboaring twists of the same coil to a momentary induced current 

lianag a direction opposite to its own, and thor^'fure tending to weaken 

HwUl It is not until this ' aetf-induction ' has paased off that the 
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current in the primary coil is established in its full strength. Owing 
to this delay in the full establishment of the current in the primary 
coil, the induced current in the secondary coil is developed more slowly 




Fio. 5. Diagram of an Induction Coil. 

+ positive pole, end of negative element; — negative pole, end of positive 
element of battery ; K, da Bois-Keymond's key ; pr. c. primary coil, current shewn by 
feathered arrow ; sc. c. secondary coil, current shewn by unfeathered arrow. 

than it would be were no such ' self-induction ' present. On the other 
hand, when the current from the battery is ' broken/ or * shut oflf ' from 
the primary coil, no such delay is offered to its disappearance, and 
consequently the induced current in the secondary coil is developed 
with unimpeded rapidity. We shall see later on that a rapidly de- 
veloped current is more effective as a stimulus than is a more slowly 
developed current. Hence the making shock, where rapidity of pro- 
duction is interfered with by the self-induction of the primary coil, is 
less effective as a stimulus than the breaking shock, whose development 
is not thus interfered with. 

The strength of the induced current depends, on the one hand, on 
the strength of the current passing through the primary coil, — that is, 
on the strength of the battery. It also depends on the relative position 
of the two coils. Thus, if a secondary coil is brought nearer and nearer 
to the primary coil and made to overlap it more and more, the 
induced current becomes stronger and stronger, though the current 
from the battery remains the same. With an ordinary battery, the 
secondary coil may be pushed to some distance away from the primary 
coil, and yet shocks sufficient to stimulate a muscle will be obtained. 
For this purpose however the two coils should be in the same line; 
when the secondary coil is placed cross-wise, at right angles to the 
primary, no induced current is developed, and at intermediate angles 
the induced current has intermediate strengths. 

When the primary current is repeatedly and rapidly made and 
broken, the secondary current being developed with each make and 
with each break, a rapidly recurring series of alternating currents is 
developed in the secondary coil and passes through its electrodes. We 
shall frequently speak of this as the interrupted induction current, or 
more briefly the interrupted current ; it is sometimes spoken of as the 
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i faraditie curreKt, and the application of it to any tissue Is Bjtoken of a« | 
\ JaraditatioH. 

Such a repeated breaking and raaking of the primary current may 

be effected in many varioua ways. In the iuBtrument eoramonly usnd 

■ for the purpose, the primary current is maila ami broken by means of a 

Tibrating ateet alip working against a magnet ; hence the instrument is 

oiUed a magnetic iiiterruptor. See V\^. 6. 




I 



Fig. G. Tiik Macneiic liiTERiiiirroR. 

The two wires x and y from the battery are connected with the two 
brass pillars a and d by means of screwN. Directly contact is thus 
made, the currwit, indicated in the figure by tlie Ikiek interrupted line, 
passes in the direction of the arrows, up the pillar a, along the steel 
spring b, as far as the screw c, the point of which, armed with platinum, 
u in contact with a small platinum plate on b. The current iiaases 
from b throU);h e and a connecting wire into the primary coil p. Upon 
ita eutering into the primary coil, an induced (making) current is for 
the instant dorclu|ied in the secondary coil (not shewn in the figure), 
Frnni the primary coil p the current passes, by a connecting wire, 
through the iloublo spiral m, and, did nothing happen, would continue 
to pOM from m by a connecting wire to the pillar d, and so by the wire 
jr to the battery. The whole of this course is indicated by the thick 
interrupted line with its arrows. 

As the current however passea through the spirals m, the iron cores 
vS those are made m^netic They in consetpienee draw down the iron 
btr (, fixed at the en<l of the spring b, the flexibility of the spring 
blowing this. But when t is drawn down, the platinum plate on the 
Upper surrace of h is also drawn away from the screw t, and thus the 
enrrent ia " broken " at 6. (Sometimes the screw/ is so arranged that 
when t is drawn down a platinum plate on the under surface of b is 
bnoght into contact witli the platinnm-armed point of the screw /. 
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The current then passes from 6 not to c but to /, and so down the 
pillar d, in the direction indicated by the thin interrupted line, and out 
to the battery by the wire ^, and is thus cut off from the primary coil. 
But this arrangement is unnecessary.) At the instant that the cur- 
rent is thus broken and so cut off from the primary coil, an induced 
(breaking) current is for the moment developed in the secondary coil. 
But the current is cut off not only from the primary coil, but also 
from the spirals m ; in consequence their cores cease to be magnetised, 
the bar e ceases to be attracted by them, and the spring 6, by virtue of 
its elasticity, resumes its former position in contact with the screw c. 
This return of the spring however re-establishes the current in the 
primary coil and in the spirals, and the spring is drawn down, to be 
released once more in the same manner as before. Thus as long as 
the current is passing along x, the contact of h with c is alternately 
being made and broken, and the current is constantly passing into and 
being shut off from /), the periods of alternation being determined by 
the periods of vibration of the spring b. With each passage of the 
current into, or withdrawal from the primary coil, an induced (making 
and, respectively, breaking) current is developed in a secondary coil. 

As thus used, each * making shock/ as explained above, is less 
powerful than the corresponding * breaking shock ; ' and indeed it 
sometimes happens that instead of each make as well as each break 
acting as a stimulus, giving rise to a contraction, the * breaks ' only are 
effective, the several * makes' giving rise to no contractions. 

By what is known as* Helm hoi tz*8 arrangement. Fig. 7, however, 




Fig. 7. The Magnetic Interruptor witu Helmholtz arbahoement for equal- 
izing THE Make and Break Shocks. 



the making and breaking shocks may be equalized. For this purpoM 
the screw c is raised out of reach of the excursions of the earing: 6, aqd. 
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I -« moderately thick wire a, offering a certain smount only uf resistance, 
'i interposed between tlie upper binding screw a' on the pillar a, and 
the binding screw c' leading to the primary coil. Under tlieai' arrange- 

' mentu the current from the battery passes through a', along the inter- 
jMMod wire to e', through the primary coil and thaa as before to m. 
As before, by the magnetization of m, e ia d»wn down and b brought 
in contact with/ Aa the result of this contact, the current from the 
buttery can now paas by a,/, and d (shewn by the thin interrupted line) 
back to the battery ; but not the whole of the curreut, some of it can 
atill pass along the wire to to tlie primary coil, the relative amount 
being determined by the relative resistancea offered by tha two courses. 
Hence at each successive magnetization of m, tho curreut in the 
primary coil iloea not entirely disappear when b is brought in contact 
■with/,- it is only so tar diminwhed tliat m ceases to attract «, and 
hence by the release of b from / the whule current once more passes 
along w. Since at what corresponds to the ' break ' the current in 
the primary coil is diminished only, not absolutely done away with, 
self- induction makes its appearance at the ' break ' aa well as at the 
'make;' thus the 'breaking' and 'making' induced currents or shocks 
ecoiidary coil are equalized. They are both reduced to the 

, lower efficiency of the 'making' shock in the old arrangement; 
hence to produce the same strength of stimulus with this arrange- 

f uent ft stronger current must bo applied or the secondary coil pushed 

' over the primary coil to a greater extent than with the other arrange- 

> inenL 



The Pkenumena of a Siinple Muscular Contraction. 



§ i5. If tlie far end of the nerve of a muscle-nerve preparation 
(Figs. 2 and 4) be laid od electrodes connected with the secondary 
coil of an induction-uiacLine, the passage of a single induction- 
Bhock, which may be taken as a convenient form of an almost mo- 
mcntaiy stimulus, will produce no visible change in the nerve, but 
the muscle will give a twitch, a short, sharp contraction, — t.e.,will 
for an instant shorten itself, becoming thicker the while, and then 
return to its previous condition. If one end of the muscle be attached 
to a lever, while the other is hxed, the lever will by its movements 
indicate the ext«nt and duration of the shortening. If the point 
of the lever be brought to bear on some rapidly travelling surface. 

Ion which it leaves a mark (being for this purpose armed with a 
pen and ink if the surface be plain paper, or with a bristle or 
.finely pointed piece of platinum foil if the snrface be smoked glass 
« paper), so long as the muscle remains at rest the lever will 
describe an even line, which wo may call the base line. If how- 
i^ver the muscle shortens, the lever will rise above the base line 
tiud tJius describe some sort uf curve above the base line. Now, 
L 



70 



A SIMPLE MUSCULAR CONTRACTION. [Book i. 



it is found that when a single induction-shock is sent through the 
nerve the twitch which the muscle gives causes the lever to de- 
scribe some such curve as that shewn in Fig. 8 ; the lever (after a 
brief interval immediately succeeding the opening or shutting the 
key, of which we shall speak presently) rises at first rapidly but 
afterwards more slowly, shewing that the muscle is correspondingly 
shortening, then ceases to rise, shewing that the muscle is ceasing 




FlO. 8. A MUSCLB-CUBYE FROM THE GASTROCNEMIUS OF THE FrOO. 

This cnrre, like all sacceediog ones, unless otherwise indicated, is to be read 
from left to right, — that is to say, while the lever and tuning-fork were stationary 
the recording surface was travelling from right to left. 

a indicates the moment at which the induction-shock is sent into the nerve ; 6 the 
commencement, c the maximum, and d the dose of the contraction. 

Below the muscle-curve is the carve drawn by a tuning-fork making 100 doable 
vibrations a second, each complete curve representing therefore one-hundredth of 
a second. 



to grow shorter ; then descends, shewing that the muscle is length- 
ening again ; and finally, sooner or later, reaches and joins the base 
line, shewing that the muscle after the shortening has regained 
its previous natural length. Such a curve described by a muscle 
during a twitch or simple muscular contraction, caused by a single 
induction-shock or by any other stimulus producing the same effect, 
is called a curve of a simple muscular contraction or, more shortly, 
a " muscle-curve." It is obvious that the exact form of the curve 
described by identical contractions of a muscle will depend on the 
rapidity with which the recording surface is travelling. Thus if 
the surface be travelling slowly the up-stroke corresponding to 
the shortening will be very abrupt and the down-stroke also very 
steep, as in Fig. 9, which is a curve from a 
gastrocnemius muscle of a frog, taken with a 
slowly moving drum, the tuning-fork being 
the same as that used in Fig. 8 ; indeed with 
a very slow movement, the two may be hardly 
separable from each other. On the other 
hand, if the surface travel very rapidly the 
curve may be immensely long drawn out, as 
in Fig. 10, which is a curve from a gastro- 
cnemius muscle of a frog, taken with a very 
rapidly moving pendulum myograph, the tuning-fork marking 
about 500 vibrations a second. On examination, however, it will 
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be found that botli tbesc extreme curves ore funda- 
mentally the same as the medium one, wlieu 
account ia taken of the difTerent rapidities of the 
travelling eurtace in the several cases. 

In order to make the ' muacle-curve ' complete, 
it is necessary to mark on the recording surface the 
exact time at which the induction-shock is sent into 
the nerve, and also to note the speed at which the 
recording surface is travelling. 

In the pendulum myograph the rate of move- 
ment can be calculated from the length of the 
pendulum; but even in this it is convenient, and 
in the case of the spring myograph and revolving 
cylinder is necessary, to measure the rate of move- 
ment directly by means of a vibrating tuning-fork 
or of some body vibrating regularly. Indeed it ia 
best to make such a direct measurement with each 
curve that is taken. 

A tuning-fork, aa is known, vibrates so many 
times a second according to its pitch. If a tnning- 
fork, armed with a light marker on one of its prongs 
and vibrating say 100 a second, — i.e., executing a 
double vibration, moving forwards and backwards, 
100 times a second, — be brought while vibrating to 
make a tracing on the recording surface immedi- 
ately below the lever belonging to the muscle, we 
can use the curve or rather curves described by the 
taning-fork to measure the duration of any part or 
of the whole of the muscle-curve. It is essential 
that at starting the point of the marker of the 
tuning-fork should be exactly underneath the marker 
of the lever, or rather, since the point of the lever 
•fi it moves up and down describes not a straight 
line but an are of a circle of which its fnlcrum is 
the centre and itself (from the fulcrum to the tip 
of the marker) the radius, that the point of the 
narker of the tuning-fork should be exactly on 
the arc described by the marker of the lever, either 
above or below it, as may prove most convenient. 
II then at starting the tuning-fork marker be thus 
on the arc of the lever marker, and we note on the 
curve of the tuning-fork the place where the arc 
of the lever cuts it at the beginning and at the end 
of the muscle-curve, as at Fig. 8, we can count the 
number of vibrations of the tuning-fork which have 
taken place between the two marks, and so ascer- 
tain the whole time of the muscle-curve j if for 
ijnstaace there have been 10 double vibrations, each 
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» bjr which the kIms plate cau be remorod auJ 
it pleaauie are uat slieHii. A second ^Insa plale bo amuigvd thU thit 
fine glam p\a,te lusy be moved up and dnien vithunt altering the awing of tli« 



ppjidulDin IB sIeu ciiDttted. Before commoucing an exporimont the peadulni: _ 
raiMd up (in the Ogare to the right), and is kept id that poaitiun by the tooth n 
catchiDe on the Bpriag-catch h. On dupreuins the cntcb d the giaat plate ia set 
frao. iwiDgs into the new position indicalud by the dotted lines, and ia held in that 
position b)' the tooth a' catchiDS un the catch b'. In the course of its swing the 
looth a' coming iaUi contact with the piojecting iteel rod e, knocks it on one side 
into the positiou iudicated hv the dotted line c". The rod c is in electric continnit^ 
with the wire x of the pciniary coil of an induction-mac hine. The screw d is 
•imilarW in electric contionit; with the wire y of the some primary cihI. The 
•crew rf and tha rod e are armed with plaUnnm at the noiuts in which they are in 
cuntact. and both are insulated by means of the ebonite block t. As long As c and d 
are in contact the circuit of the primary coil to which x and y belong is cloaed. 
When in its swing the tooth n" knocks c away from d, at that instant the circuit is 
broken, and a ' breaking ' shock is sent through the electrodes conQerled with the 
Mcondary coil of the machino. and so through the nerve. The lever /. the end only 
of which i» shewn iu the flgure. ia broaght to liear on the glaiui plate, and when at 
nst deacribca a straight line, or more exactly itn arc of n circle o( large nulius. Tho 
tnning-fork /, the ends only of the two. limbs of which are nhewn in the Bgixn 
placed imuieiliatoly below tho terer, serrea to mark the time, 

occupying ^^ sec, the while curve has taken ^ sec to make. 
In the same way we can measure the duration ot the rise of the 
curve or of the fall, or of any part of it. 

Though the tuning-fork may, by simply striking it, be 8et 
going long enough for the purposes of an observation, it is 
convenient to keep it going by means of an electric current and 
B magnet, very much aa the spring in the ' m^uetic interruptor ' 
(Fig. 6) is kept going. 

It is not necessary to use an actual tuning-fork; any rod, 
Brmed with a marker, which can be made to vibrate regularly, 
■nd whose time of vibration is known, may be used for the pur- 
[xise ; thus a reed, made to vibrate by a blast of air. Is sometimes 
employed. 

The exact moment at wliich the induction-shock is thrown 
into the nerve may be recorded on the muscle-curve by means of 
a 'signal,' which may be appHed in various ways. 

A light steol lever armeil with u marker is arranged over a small 
ooil by means of a. lij^ht apriiig in such ft way thut when the coil by 
the puaogQ of a current tbrougl) it becotoes a Dia|;uet it pulls the 
lever down to itaulf; on the current beiu^ bri>ken, and the magneti- 

1 ntioD of the coil ceasiugi 'he lever by help of the Hpring Siea up. The 
marker of such a lever is placed immediately under {i.f., at some point 
on the arc described by) the marker of the muscle (or other) lever. 
Hanoe by making a current in the coil and putting the si^al lever 
down, or by bn>akin^ un already existing current, and letting the 

' ngiiol lever Hy up, we can make at pleasure a mark corresponding to 
•DV part we plenae n( the muscle (or other) curve. 

If in order to magnetize the coil of the ai^rnid, we use, as we may 
do, the primary current which generates the induction -shock, the break- 
ing or making of the primary current, whichever we use to produce the 
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induction-shock, will make the signal lever fly up or come down. 
Hence we shall have on the recording surface, under the muscle, a 
mark indicating the exact moment at which the primary current was 
broken or made. Now, the time taken up by the generation of the 
induced current and its passage into the nerve between the electrodes 
is so infinitesimally small, that we may, without appreciable error, -take 
the moment of the breaking or making of the primary current as 
the moment of the entrance of the induction-shock into the nerve. 
Thus we can mark below the muscle-curve, or, by describing the arc of 
the muscle lever, on the muscle-curve itself, the exact moment at which 
the induction-siiock falls into the nerve between the electrodes, as is 
done at a in Figs. 8, 9, 10. 

In the pendulum myograph a separate signal is not needed. If, 
having placed the muscle lever in the position in which we intend to 
make it record, we allow the glass plate to descend until the tooth a' 
just touches the rod c (so that the rod is just about to be knocked 
down, and so break the primary circuit) and make on the base line, 
which is meanwhile being described by the lever marker, a mark to 
indicate where the point of the marker is under these circumstances, 
and then bring back the plate to its proper position, the mark which 
we have made will mark the moment of the breaking of the primary 
circuit and so of the entrance of the induction-shock into the nerve. 
For it is just when, as the glass plate swings down, the marker of the 
lever comes to the mark which we have made that the rod c is knocked 
back and the primary current is broken. 




Fio. 12. DiAORAM OP AN Arrangement of a Vibrating Tuning-fork 

WITH A Desprsz Signal. 

The current flows along the wire /connected with the positive (+) pole or end 
of the negative plate (iV) of the battery, through the tuning-fork, down the pin 
connected with the end of the lower prong, to the mercury in the cup Hg^ and so by 
a wire (shewn in the fi^re as a black fine bent at right angles) to the binding 
screw e. From this binding screw part of the current flows through the coil d 
between the prongs of the tuning-fork, and thence by the wire c to the binding 
screw a, while another part flows througli the wire g, through the coil of the 
Desprez signal back by the wire 6, to the binding screw a. From the binding 
screw a the current passes back to the negative (— ) pole or end of the positive 
element (P) of the battery. As the current flows through the coil of the Desprez 
signal from g to b, the core of coil becoming magnetized draws to it the marker of 
the signal. As the current flows through the coil </, the core of that coil, also 
becoming magnetized, draws up the lower prong of the fork. But the pin is so 
adjusted that the drawing up of the prong lifts the point of the pin out of the 
mercury. In consequence, the current, being thus broken at Hg, flows neither 
throupfh (i nor through the Desprez .signal. In consequence, the core of the Desprez 
tlius ceasing to be magnetized, the marker flies back, being usually assisted by a 
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wing (Dot sbewn in ihe figuru). But, iu i'oii»et[neD<:o of t!ie current ceuiog Co flow 
irough 1^. the cure uf il veaeea to lid u]i the )>Toug. aud the p[ii, iu the descent at 
le pronKi makes contact ouce mora with the mercury. The nMutablishnient of the 
inoDt, hoiTBVCT, unco mora acting un the two coils, agsiu pulls opon the marltBr uf 
le sieDSl. BOcI nguin, by maenetiiing the cora of d, piitl« up the proug and unce 
ore breaks the current. 'Ihns the ciuTGUt U contiuaaUj made and Xrokeii, the 
ipiditjr uf the iDlcrniptioni beiii^ determiDcd by the rihrntiun ])eriods of tlie 
tanin^-fork. and the lever of the eigual risiug and falliog ByuclironuoBly with the 
nuTen»Dtii of the tuning-fork- 
signal' like tbo nbovi), in an improved form liiiown as Desprez's, 
suty be used also to record time, and tima the awkwardness of bringing 
m Urge tuiiing-furk np to tlie recording sur&tce obviated. For this pu^ 
poae tba signal in introduced into a cinruit, the current of nbich is 
eontinnaUy being made and broken by a tuning-fork (Fig. II). Tho 
tuning-furk, once set vibrating, continues to make and break tlie current 
mX each of its vibrations, and, aa stated above, iii kept vibrating by the 
current. But each make or break caused by the tuuiiig-fork affects 
also the small coil of the signal, causing the lever of the signal to fall 
down or fly up. Thus the signal JeBcriboa vibration curves synchronous 
- with those of the tuning-fork driving it. Tlie signal mny similarly be 
worked by means of vibrating agents other than a tuning-fork. 

Variona recording surfaces may be used. The form most generally 
naeful is a cylinder covered with smoked paper, and made to revolve by 
clockwork ot otherwise ; such a cylinder driven by clockwork ie shewn 
in Fig. 4, B. By using a cylinder of large radius witli adequate gear, 
a bigb speed, some inches for instance in a second, can be obtained. In 
the tpring myograph a smoked glass plate Is thrust rapidly forward 
along a groove, by means of a spring suddenly thrown Into action. In 
the pendulum inyo<fraph. Fig. 10, u smoked glasa plate attached to the 
lower end of a long frame, swinging like a pendulum, is suddenly let go 
Kt s certain height, and so swings rapidly tlirough an arc of & circle. 
Tlie disadvunb^fe of the last two methods is that the surface travels at 
a eotitiniially changing rate, whereas, in the revolving cylinder, careful 
ooostructiun and adjustment will secure a very uniform mte. 

§ 46. Having thus obtained a time record, nnd an indication 
I of tne exact moment at which the induction-shock falls into the 
nerve, we may for present purposes consider the inuscle-ciin'e 
complete. The study of such a curve, as for instance that shewn 
in Fig. 8, taken from tlie gastrocnemius of a frog, teaches us the 
Following facts : — 

1. That although the passage of the induced current from 
iectrode to electrode is practically instantaneous, its effect, meas- 
id from the entrance of the shock into the nerve to the return 
the muscle to its natural length after the shortening, takes 
Iftfi appreciable time. In the figure, the whole curve from a to rf 
':es up about the same time as eleven double vibrations of the 
tnning-fork. Since each double vibration here represents lOOth of 
a second, the duration of the whole curve is rather more than 
A sec. 
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2. In the first portion of this period, from a to J, there is no 
visible change, no raising of the lever, no shortening of the muscle. 

3. It is not until b — that is to say, after the lapse of about 
^^ sec. — that the shortening begins. The shortening as shewn 
y the curve is at first slow, but soon becomes more rapid, and 

then slackens again until it reaches a maximum at c ; the whole 
shortening occupying rather more than ^^^ sec. 

4. Arrived at the maximum of shortening, the muscle at once 
begins to relax, the lever descending at first slowly, then more 
rapidly, and at last more slowly again, until at d the muscle has 
regained its natural length ; the whole return from the maximum 
of contraction to the natural length occupying rather more than 

\h sec. 

Thus a simple muscular contraction, a simple spasm or twitch, 
produced by a momentary stimulus, such as a single induction- 
shock, consists of three main phases : — 

1. A phase antecedent to any visible alteration in the muscle. 
This phase, during which invisible preparatory changes are taking 
place in the nerve and muscle, is called the * latent period,* 

2. A phase of shortening, or, in the more strict meaning of 
the word, contraction. 

3. A phase of relaxation or return to the original length. 

In the case we are considering, the electrodes are supposed 
to be applied to the nerve at some distance from the muscle. 
Consequently the latent period of the curve comprises not only 
the preparatory actions which may be going on in the muscle 
itself, but also the changes necessary to conduct the immediate 
effect of the induction-shock, from the part of the nerve between 
the electrodes along a considerable length of nerve down to the 
muscle. It is obvious that these latter changes might be elimi- 
nated by placing the electrodes on the muscle itself, or on the 
nerve close to the muscle. If this were done, the muscle and 
lever being exactly as before, and care were taken that the 
induction-shock entered into the nerv^e at the new spot, at the 
moment when the point of the lever had reached exactly the same 
point of the travelling surface as before, two curves would be 
gained having the relations shewn in Fig. 13. The two curves 
resemble each other in almost all points, except that in the curve 
taken with the shorter piece of nerve, the latent period, the 
distance a to h as compared with the distance a to J' is shortened : 
the contraction begins rather earlier. A study of the two curves 
teaches us the following two facts : — 

1. Shifting the el(»ctrodcs from a point of the nerve at some 
distance from the muscle to a point of the nerve close to the 
muscle, has only shortcMied the latent period a very little. Even 
when a very long i)iece of nerve is taken, the difference in the two 
curves is very small, and, indeed, in order that it may be clearly 
recognized or measured, the travelling surface must be made to 
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travel verr lapidlr. It i^ : t: -i. : I'Trf rr. :L?.i t v far the cheater 
part of the laLeiit r»rr: »: > iikrL -: :y .l-.^r.^trs in the muscle 





Fig. IX CrKvi.4 iLrr^r^^Tv^'.- thi. Hi.A*^Ti:z.minrr of the Veijocitt or a 

The nme mast j*-x*en t ;'r*-Tifcn:>.«i i- g:n.y.".hi.e^. •! • »s far a^ y*^.**;**!** fnin the 
moffrle, (2^ a^ xjrfAT a» j^i^i'jr : tirr n. ::«»-.>: . >.<:i '.-.•iiiT^'ti.-u^ are regi?iUrred in 
exactlr the saiue vaj. 

In (I), the «timnlc» fri.T'-r* :i'- :*n*- a: tr^*^ :.=i*- :ir-;ai^i ^-r the lin*- n. tbe con- 
traction ^^eginft ai :• ; iii*> *L -ir- ia:'!ri<: ;«er. •: iij*:T*ri.T*r :• ii.:icaie«i tv the Ji«tance 
from a to &'. 

In (2), the AimDln* *■!>:?* tL*- i.*-r^*- a: ^ia./:Iv :b^ -aiL^ :ii:j*r o .- the ontraction 
begins at b: the lau-Li :^ri •! i:j*:r*-f rv i* :l -ka>*i *v :L*- 'ii«iaii'-e ?jetween a and 6. 

The time taken nj» ' y ''ir ithr^ •:i* :rL:-u«««e ii: jol^^Iijs al^i.2: the leLcth of nerve 
between I and i i# i^tr-^f re :i. :j *,:t- ■ v :*jr ,.*iai,..*- '^-tweeti *• aijd i/ . which may 
be meacared Kt trje tuiiii.r-f re ur»r ••rl.w esi^h i-.n Me vibration of the toniug- 
fork correcpouiu tu rtr --t \*j^Z t<)c. 

itself, change? SLUi^.td^ni to :h*r ^hort^uin^ l^trcoming actually 
visible. Of cour^i^. ^rv».-n wh-n thf ♦rlTC'tr.»'ies ar*:^ placed clnse to 
the muscle, the latent j.«en'>i inclu Jr^ the '.han^^f? Li'jiDg ou in the 
short piece of n»rn*e >:;11 lying betwwrn the elecirxles aud the 
muscular fibres. To eliminate this with a vi»rw of determining 
the latent perio^l in the muscle itself, the electnxles might be 
placed directly on the mu=^:le j-i'isoned with urarL If this were 
done, it would be found tliat the latent j-rri«»d remained about the 
same, — that is to say, that in all ca*es the latent f>eri<Hj is chiefly 
taken up by changes in the muscular as distinguished from the 
nervous elements. 

2. Such difference as d«»»rs exi-^t l»etween the two cur\*es in 
the figure, indicates the time t4'iken up by the projiagation, along 
the piece of ner^'e, of the changes set up at the far end nf the nerve 
by the induction-sho<^;k. These changes we have already sjx^ken 
of as constituting a uer\*ous impulse: and the above experiment 
shews that it takes a small l»nt yet distinctly appreciable time 
for a nen'ous impulse to travel alonj: a nerve. In the figure the 
difference between the two latent jKrrio<ls, the distance between b 
and V, seems almost too small to measure accuratelv ; but if a 
long piece of nen'e be used for the experiment, and the recording 
surface be made to travel ver\- fast, the difference l>etween the 
duration of the latent period when the induction-shock is sent in 
at a point close to the muscle, and that when it is sent in at a 
point as far away as possible from the muscle, may be satisfactorily 
measured in fractions of a second. If the len^'th of nerve between 
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the two points be accurately measured, the rate at which a nervous 
impulse travels along the nerve to a muscle can thus be. easily 
calculated. This has been found to be in the frog about 28, and 
in man about 33 metres per second, but varies considerably, 
especially in warm-blooded animals. 

Thus when a momentary stimulus, such as a single induction- 
shock, is sent into a nerve connected with a muscle, the following 
events take place : a nervous impulse is started in the nerve, and 
this travelling down to the muscle produces in the muscle first the 
invisible changes which occupy the latent period, secondly the 
changes wliich bring about the visible shortening or contraction 
proper, and thirdly the changes which bring about the relaxation 
and return to the original length. The changes taking place in 
these several phases are changes of living matter : they vary with 
the condition of the living substance of the muscle, and only take 
place so long as the muscle is alive. Though the relaxation which 
brings back the muscle to its original length is assisted by the 
niuscle being loaded with a weight, or otherwise stretched, this is 
not essential to the actual relaxation, and with the same load the 
return will vary according to the condition of the muscle ; the 
relaxation must be considered as an essential part of the whole 
contraction, no less than the shortening itself. 

§ 47. Not only, as we shall see later on, does the whole con- 
traction vary in extent and character according to the condition of 
the muscle, the strength of the induction-shock, the load which the 
muscle is bearing, and various attendant circumstances, but the 
three phases may vary independently. The latent period may be 
longer or shorter, the shortening may take a longer or shorter 
time to reach the same height, and especially the relaxation may 
be slow or rapid, complete or imperfect. Even when the same 
strength of induction-shock is used, the contraction may be short 
and sharp, or very long drawn out, so that the curves described on 
a recording surface, travelling at the same rate in the two cases, 
appear very different ; and, under certain circumstances, as when a 
muscle is fatigued, the relaxation, more particularly the last part 
of it, may be so slow, that it may be several seconds before the 
muscle really regains its original length. We may add that the 
latent period, which in an ordinary experiment on a frog's gastro- 
cnemius is so conspicuous, may, under certain circumstances, be so 
shortened as almost, if not wholly, to disappear. Indeed, it is 
maintained by some that the occurrence of the latent period is 
not an essential feature of the whole act. 

Hence, if we say that the duration of a simple muscular con- 
traction of the gastrocnemius of a frog under ordinary circumstances 
is about ^ sec.,. of which jl^ is taken up by the latent period, j^ 
by the contraction, and ^^^ by the relaxation, these must be taken 
as * round numbers,* stated so as to be easily remembered. The 
duration of each phase as well as of the whole contraction varies in 
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difierent animals, in different muscles of the same auimal, aud in 
the same muscle under diflerent conditions. 

The muscle-curve which we have been discussing is a curve of 
changes in the length only of the muscle ; but if the muscle, instead 
of being suspended, were laid flat on a glass plate, and a lever laid 
|- over its belly, we should find, upon sending an induction-shock 
I into the nerve, that the lever was raised, shewing that the muscle 
during the contraction became thicker. And if we took a graphic 
record of the movements of the lever, we should obtain a curve 
very similar to the one just discussed ; after a latent period the 
lever would rise, shewing that the muscle was getting thicker, aud 
afterwards would fall, shewing that the muscle was becoming thin 
again. In other words, in contraction the lessening of t)ie muscle 
lengthwise is accompanied by an increase crosswise ; indeed, as we 
shall see later on, the muscle in contracting is not diminished in 
bulk at all (or only to an exceedingly small extent, about m Jinr ot 
its total bulk), but makes up for its diminution in length by 
increasing in its other diameters. 

§ 48. A single induction-shock is, as we have said, the most 
venient form of stimulus for producing a simple muscular con- 
icdon, but this may also be obtained by other stimuli, provided 
'tiial these are sufficiently sudden and short in their action, as, for 
instance, by a prick of, or sharp blow on, the nerve or muscle. For 
the production of a single, simple muscular contraction, the changes 
in the nerve leading to the muscle must be of such a kind as to 
constitute what may be called a single nervous impulse, and any 
stimulus which will evoke a single nervous impulse only may be 
used to produce a simple muscular contraction. 

As a rule, however, most stimuli other than single induction- 
locka tend to produce in a nerve several nervous impulses, and, 
we shall see, the nervous impulses which issue from the central 
system, and so pass along nerves to muscles, are, as a rule, 
it single and simple, but complex. Hence, as a matter of fact, 
simple muscular contraction is within the living body a com- 
itively rare event (^at least as far as the skeletal muscles are 
icenied,) and cannot easily be produced outside the body other- 
than by a single induction-shock. Tlie ordinary- form of 
lular contraction is not a simple muscular contraction, but the 
mplex form known as a tetanic contraction, to the study 
which we must now turn. 



§ 40. If a single induction-shock be followed at a certain 
interval by a second shock of the same strength, the first simple 
1 will be followed by a second simple contraction, both 
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contractions being separate and distinct ; and, if the shocks be 
repeated, a series of rhythmically-recurring, separate, simple con- 
tractions may be obtained. If, however, the interval between two 
shocks be made short, — if, for instance, it be made only just long 
enough to allow the first contraction to have passed its maximum 
before the latent period of the second is over, — the curves of the 
two contractions will bear some such relation to each other as 
that shewn in Fig. 14. It will be observed that the second curve 
is almost in all respects like the first, except that it starts, so to 
speak, from the first curve instead of from the base-line. The 
second nervous impulse has acted on the already contracted 
muscle, and made it contract again just as it would have done if 
there had been no first impulse, and the muscle had been at rest 
The two contractions are added together, and the lever is raised 
nearly double the height it would have been by either alone. If 
in the same way a tliird shock follows the second at a sufficiently 
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Fio. 14. Tracino op a DorBLE MnwLE-cnivE. 

While the iiiiiscle (^a>ttnMMH*iniu8 of frofi^) wa8 engaged iu the first contraction 
(whose (><)in|»h>te coiirne, had nothing intervened, is indieatinl hy the dotted line), a 
second indurtion-shtM^k waM thrown in, at such a time that the second contraction 
l>egaii iuHt ii» th(* tirtit wan U^ginning to decline. The 8e(*ou<l curve is seen to start 
from the first, as dot-s the Hrst from the l)ase-line. 

short interval, a third curve is piled on the top of the second ; the 
same with a fourth, and so on. A more or less similar result 
would occur if the second contraction began at another phase 
of the first The combined efiFect is, of course, greatest when 
the second contraction begins at the maximum of the first, being 
less both before and afterwards. 

Hence, the result of a repetition of sliocks will depend largely 
on the nite of repetition. If, as in Fig. 15, the shocks follow each 
other so slowly that one contraction is over, or almost over, before 
the next be<,Mns, each contraction will be distinct, or nearly distinct, 
and there will be little or no combined effect 




Fio. 15. MrwLE-CfBVE. Sin«le Lmdixtion-suock repeated blowlt. 
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If, however, the shocks be repeated more rapidly, as in Fig. 16, 
each succeeding contraction will start from some part of the 
preceding one, and the lever will be raised to a greater height at 
each contraction. 




Fio. 16. Muscle-curve. Single Induction-shock repeated more rapidly. 

If the frequency of the shocks be still further increased, as in 
Fig. 17, the rise due to the combination of contraction will be still 
more rapid, and a smaller part of each contraction will be visible 
on the curve. 




Fio. 17. Muscle-curve. Single Induction-shock repeated still more rapidlt. 

In each of these three curves it will be noticed that the 
character of the curve changes somewhat during its development. 
The change is the result of commencing fatigue, caused by the 
repetition of the contractions, the fatigue manifesting itself by an 
increasing prolongation of each contraction, shewn especially in a 
delay of relaxation, and by an increasing diminution in the height 
of the contraction. Thus in Fig. 15 the contractions, quite distinct 
at first, become fused later ; the fifth contraction, for instance, is 
prolonged so that the sixth begins before the lever has reached 
the base line ; yet the summit of the sixth is hardly higher than 
the summit of the fifth, since the sixth, though starting at a higher 
level, is a somewhat weaker contraction. So, also, in Fig. 16, the 
lever rises rapidly at first, but more slowly afterwards, owing to an 
increasing diminution in the height of the single contractions. In 
Fig. 17 the increment of rise of the curve due to each contraction 
diminishes very rapidly, and though the lever does continue to 

6 
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rise during the whole series, the ascent, after about the sixth 
contraction, is very gradual indeed, and the indications of the 
individual contractions are much less marked than at first. 

Hence, when shocks are repeated with sufficient rapidity, it 
results that, after a certain number of shocks, the succeeding 
impulses do not cause any further shortening of the muscle, any 
further raising of the lever, but merely keep up the contraction 
already existing. The curve thus reaches a maximum, which it 
maintains, subject to the depressing effects of exhaustion, so long 
as the shrxiks are repeated. When these cease to be given, the 
muscle returns to its natural length. 

"Wlien the shocks succeed each other still more rapidly than 

in Fig. 17, the individual contractions, visible at first, may become 

fused together and wholly lost to view in the latter part of the 

. curve. When the shocks succeed each other still more rapidly 

(the second contraction beginning in the ascending portion of 

> the first), it becomes difficult or impossible to trace out any of ' 

I the single contractions.^ The cun^e then described by the lever 

•is of the kind shewn in Fig. 18, where the primary current of an 



Fio. 18. Tetanus produced with the ordinary Magnetic Interruptor of ak 
Induction-machine. (Recording surface trarelling slowly.) 

The intermpted current is thrown in at a. 

induction-machine was rapidly made and broken by the magnetic 
interruptor, Fig. 5. The lever, it will be observed, rises at a (the 
recording surface is travelling too slowly to allow the latent period 
to be distinguished), at first very rapidly, — in fact, in an unbroken 
and almost a vertical line, — and so very speedily reaches the maxi- 
mum, which is maintained so long as the shocks continue to be 
given ; when these cease to be given, the curve descends, at first 
very rapidly, and then more and more gradually towards the base 
line, which it reaches just at the end of the figure. 

This condition of muscle, brought about by rapidly repeated 
shocks, this fusion of a number of simple twitches into an 

1 The ease with which the individual contractions can be made oat depends in 
part, it need hardly be said, on the rapidity with which the recording surface travels. 



1 Cbap. il] the contractile TISSUES. 



83 



apparently smooth, continuous effort, is known as tetanus, or 
tetanic contraction.. The above facts are most clearly shewn 
when induction -shocks, or at least galvauic currents in some 
form or other, are employed. They are seen, however, what- 
ever be the form of stimulus employed. Thus, in the case of 
mechanical stimuli, while a single quick blow may cause a single 
twitch, a pronounced tetanus may be obtained by rapidly striking 
successively fresh portions of a nerve. With chemical stimulation, 
as when a nerve is dipped in acid, it is impossible to secure a 
momentary application ; hence tetanus, generally irregular in 
character, is the normal result of this mode of stimulation. In 
the living body, the contractions of the skeletal muscles, brought 
about either by the will or otherwise, are generally tetanic in 
character. Even very short, sharp movements, such as a sudden 
jerk of a limb, or a wink of the eyelid, are, in reality, examples of 
tetanus of short duration. 

If the lever, instead of being fastened to the tendon of a mnsclB 
hung vertically, be laid across the belly of a muscle placed in a 
horizontal position, and the muscle be thrown into tetanus by a 
repetition of induction-shocks, it will be seen that each shortening 
of the muscle is accompanied by a corresponding thickening, and 
that the total shortening of the tetanus is accompanied by a cor- 
responding total thickening. And, indeed, in tetanus we can 
observe more easily than in a single contraction that the muscle in 
contracting changes in form only, not in bulk. If a living muscle, 
or group of muscles, bo placed in a glass jar, or chamber, the closed 
tup of which is prolonged into a narrow glass tube, and the 
chamber be so filled with water (or, preferably, with a solution of 
sodium chloride, 6 p. c in strength, usually called " normal saline 
solution," which is less injurious to the tissue than simple water) 
that the water rises up into the narrow tube, it is obvious that any 
change in the bulk of the muscle will be easily shewn by a rising 
or falling of the column of fluid in the narrow tube. It is found 
that when the muscle is made to contract, even in the most 
forcible manner, the change of level in the height of the cohuun 
which can be observed is practically insignificauti there appears 
to be a fall indicating a diminution of bulk to the extent of about 
one ten-thousandth of the total bulk of the muscle. So that we 
may fairly say that in a tetanus, and hence in a simple contraction, 
the lessening of the length of the muscle causes n corresponding 
increase in the other directions : the substance of the muscle is 
displaced not diminished. 

I 90. So far we have spoken simply of an induction-shock, or 

of induction -shock 8, without any reference to their strength, and 

, of a living or irritable muscle, without any reference to the degree 

I or extent of its irritability; but induction-shocks may vary in 

L strength, and the irritability of the muscle may vary. 

If we slide the secondary coil a long way from the primary 
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coil, and thus make use of extremely feeble induction-shocks, we 
shall probably find that these shocks, applied even to a quite fresh 
muscle-nerve preparation, produce no contraction. If we then 
graduaUy slide the secondary coil nearer and nearer the primary 
coil, and keep on trying the effects of the shocks, we shall find 
that, after a while, in a certain position of the coils, a very feeble 
contraction makes its appearance. As the secondary coil comes 
still nearer to the primary coil, the contractions grow greater and 
greater. After a while, however, and that, indeed, in ordinary' 
circumstances very speedily, increasing the strength of the shock 
no longer increases the height of the contraction ; the maximum 
contraction of which the muscle is capable with such shocks 
however strong has been reached. 

If we use a tetanizing or interrupted current, we shall obtain 
the same general results ; we may, according to the strength of the 
current, get no contraction at all, or contractions of various extent 
up to a maximum, which cannot be exceeded. Under favourable 
conditions the maximum contraction may be very considerable : 
the shortening in tetanus may amount to three-fifths of the total 
length of the muscle. 

The amount of contraction then depends on the strength of 
the stimulus, whatever be the stimulus; but this holds good 
within certain limits only ; to this point however we shall return 
later on. 

§ 61. If, having ascertained in a perfectly fresh muscle-nerve 
preparation the amount of contraction produced by this and that 
strength of stimulus, we leave the preparation by itself for some 
time, say for a few hours, and then repeat the observations, we 
shall find that stronger stimuli, stronger shocks, for instance, are 
required to produce the same amount of contraction as before ; that 
is to say, the irritability of the preparation, the power to respond 
to stimuli, has in the meanwhile diminished. After a further 
interval, we shouW find the irritability still further diminished : 
even very strong shocks would be unable to evoke contractions 
as large as those previously caused by weak shocks. At last we 
should find that no shocks, no stimuli, however strong, were able 
to produce any visible contraction whatever. The amount of 
contraction, in fact, evoked by a stimulus depends not only on the 
strength of the stimulus but also on the degree of irritability of 
the muscle-nerve prei)aration. 

Immediately upon removal from the body, the preparation 
possesses a certain amount of irritability, not differing very 
materially from that which the muscle and nerve possess while 
within, and forming an integral part of the body ; but after re- 
moval from the body the preparation loses irritability, the rate of 
loss being dependent on a variety of circumstances ; and this goes 
on until, since no stimulus which we can apply will give rise to 
a contraction, we say the irritability has wholly disappeared. 
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We might take this disappearance of irritability as marking 
the death of the preparation, but it is followed sooner or later by 
a curious change in the muscle, which is called rigor mortis, and 
which we shall study presently ; and it is convenient to regard 
this rigor mortis as marking the death of the muscle. 

The irritable muscle, then, when stimulated either directly, the 
stimulus being applied to itself, or indirectly, the stimulus being 
applied to its nerve, responds to the stimulus by a change of 
form which is essentially a shortening and thickening. By the 
shortening (and thickening), the muscle in contracting is able to 
do work, to move the parts to which it is attached ; it thus sets 
free energy. We have now to study more in detail how this 
energy is set free and the laws which regulate its expenditure. 



SEC. 2. ON THE CHANGES WHICH TAKE PLACE 
IN A MUSCLE DURING A CONTRACTION. 



The Change in Form, 

x- § 52. Gross structure of muscle. An ordinary skeletal muscle 

consists of eleraentary muscle fibres, bound together in variously 
arranged bundles by connective tissue, which carries blood vessels, 
nerves and lymphatics. The same connective tissue, besides sup- 
plying a more or less distinct wrapping for the whole muscle, forms 
the two ends of the muscle, being here sometimes scanty, as where 
the muscle appears to be directly attached to a bone, and a small 
amount only of connective tissue joins the muscular fibres to the 
periosteum, sometimes abundant, as when the connective tissue, 
in which the muscular fibres immediately end, is prolonged into 
a tendon. 

Each elementary fibre, which varies even in the mammal in 
length and breadth (in the frog the dimensions vary very widely), 
but may be said on an average to be 30 or 40 mm. in length 
and 20 fi to 30 fi in breadth, consists of an elastic, homogeneous, or 
faintly fibrillated sheath of peculiar nature, the sarcolemma, which 
embraces and forms an envelope for the striated muscular substance 
within. Each fibre, cylindrical in form, giving a more or less 
circular outline in transverse section, generally tapers off at each 
end in a conical form. 

At each end of the fibre the sarcolemma, to which in life the 
muscular substance is adherent, becomes continuous with fibrillse 
of connective tissue, the nature and properties of which we shall 
study in a succeeding chapter. When the end of the fibre lies at 
the end of the muscle, these connective tissue fibrillie pass directly 
into the tendon (or into the periosteum, &c.), and in some cases of 
small muscles, which are no longer than their constituent fibres, 
each fibre may thus join at each end of itself, by means of its 
sarcolemma, the tendon or other ending of the muscle. In a very 
large number of muscles however the muscle is far longer than 
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any of its fibres, and there may v. 



I 



i whole btmilles of fibrea in 
the middle of the muscle which do not reach to either end. In 
such case the connective tissue, iu which the sarculemma ends, 
is continuous with tlie connective tissue, which, running between 
the fibres and between the bundles, binds the fibres into small 
bundles, and the smaller bundles into larger bundles. 

The contraction of a muscle is the contraction of all. or some, of 
its elementary fibres, the connective tissue being passive ; hence, 
while those fibres of the muscle which end directly in the teudon, 
in contracting pull directly on the tendon, those which do not so 
end pull indirectly on the tendon, by means of the connective 
tissue between the Viundles, which connective tissue is continuous 
with the tendon. 

The blood vessels run in the connective tissue between the 
bundles and between the fibres, and the capillaries form more or 
less rectangular networks immediately outside the sarcolemma. 
Lymphatic vessels also run in the connective tissue, in the lymph 
spaces of which they begin; the structure and functions of these 
lymphatic vessels and lymph spaces we shall study later on. Each 
muscular fibre is thus surrounded by lymph spaces and capillary 
blood vessels, but the active muscular substance of the fibre is 
separated from these by the sarcolemma; hence the interchange 
between the blood and' the muscular substance is carried on, 
backwards and forwards, through the capillary wall, through some 
of the lymph spaces, and through the sarcolemma. 

Each muscle is supplieil by one or more branches of nerves 
composed of medullated fibres, with a certain proi)ortion of non- 
medullated fibres. These branches, running in the connective 
tissue, divide into smaller branches and twigs between the bundles 
and fibres. Sfime nf the nerve fibres are distributed to the blood 
vessels, and others end in a manner of which we shall speak later 
OD in treatin(j of muscular sensations ; but by far the greater part 
of the meduilated fibres end in the muscular fibres, the arrange- 
ment being such that every mnscular fibre is supplied with at 
least one meduilated nerve fibre, which joins the muscular fibre 
somewhere about the middle, between its two ends, or sometimes 
nearer one end, in a special nerve ending, of which we shall 
presently have to speak, called an tad-plutr. The nerve fibres 
thus destined to end in the muscular fibres divide as they eut«r 
the muscle, so that what, as it enters the muscle, is a single 
nerve fibre, may, by dividing, end as several nerve fibres in several 
mnscular fibres. ^Jometimes two nerve fibres join one muscular 
fibre, but in this case the end-plate of each nerve fibre js still at 
some distance from the end of the muscular fibre. It follows 
that when a muscular fibre is stimntatcd by means of a nerve fibre, 
the nervous impulse travelling down the nerve fibre falls into the 
taoBCular fibre, — not at one end, but at about its middle ; it is the 
middle of the fibre which is aSected first by the nervous impulse. 
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and the changes in the muscular substance, started in the middle 

,nJ ! i of the muscular fibre, travel thence to the two ends of the fibre. 

^ ; S2 In an ordinary skeletal muscle, however, as we have said, the 

vj; V^o fibres and bundles of fibres begin and end at different distances 

; v4^? '.|J from the ends of the muscle, and the nerve or nerves going to 

/*' x**^ the muscle divide and spread out in the muscle in such a way 

I ^ '^ V*^ ^ that the end-plates, in which the individual fibres of the nerve 

.' ^ end, are distributed widely over the muscle at very different 

^ ^ distances from the ends of tlie muscle. Hence, if we suppose 




V 
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- v^ a single nervous impulse, such as that generated by a single 
j^. ; ^ r induction-shock, or a series of such impulses, to be started at 
. N^ V ; the same time at some part of the trunk of the nerve, in each of 
7 ^ T Jl the fibres of the nerve going to the muscle, these impulses will 
^^^^^ ^ol^reach very different parts of the muscle at about the same time, 
^. I i - i and the contractions which they set going will begin, so to speak, 
c Nt;^ 2^ nearly all over the whole muscle at the same time, and will not all 
-. . start in any particular zone or area of the muscle. 
--4 § 53. Jlie wave of contraction. We have seen, however, that 
V ^ under the influence of urari the nerve fibre is unable to excite 
> tw ^ \^^ contractions in a muscular fibre, although the irritability of the 
~ *. ^ muscular fibre itself is retained. Hence, in a muscle poisoned by 
; ^ '■" : urari, the contraction begins at that part of the muscular substance 
' ** " which is first affected by the stimulus, and we may start a con- 
traction in what part of the muscle we please by properly placing 
the electrodes. 
J ^* ■ << Some muscles, such, for instance, as the sartorius of the frog, 

though of some length, are composed of fibres which run parallel 
to each other from one end of the muscle to the other. If such a 
muscle be poisoned with urari so as to eliminate the action of the 
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V J: 1 nerves, and stimulated at one end (an induction-shock sent through 
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a pair of electrodes placed at some little distance apart from each 

\^ ' other at the end of the muscle may be employed, but better 

results are obtained if a mode of stimulation, of which we shall 

have to speak presently, viz. the application of the " constant cur- 

^)y rent," be adopted), the contraction which ensues starts from the 

i "i \ end stimulated, and travels thence along the muscle. If two 

i ,i ; h levers l)e made to rest on, or be suspended from, two parts of such 

^ ^*' \\ a muscle placed horizontally, the parts being at a known distance 

^ ^ '^.vl) from each other and from the part stimulated, the progress of the 

' "^ "' * contraction may be studied, 
"^i A ' .Vv The movements of the levers indicate in this case the thicken- 
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V wj ^^g ^^ the fibres which is taking place at the parts on which 
\ . -«. the levers rest, or to which they are attached ; and if we take 
a graphic record of these movements, bringing the two levers to 
mark, one immediately below the other, we shall find that the 
lever nearer the part stimulated begins to move earlier, reaches its 
maximum earlier, and returns to rest earlier than does the farther 
lever. The contraction, started by the stimulus, in travelling along 
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the muscle from the pnrt stitiiulateil, readies the nearer lever some 
little time before it reaches the farther lever, and has [laased by 
the nearer lever some little time before it has passed by the 
farther lever ; and the farther apart the two levers are, the great43r 
will be the difference iii time iMjtween their movements. In other 
words, the contraction travels along the muscle iu the form of a 
wave, each jiart of the muscle in succession from the end 
stimulated swelling out and shortening as the contraction reaches 
it, and then returning to its original Htat«. And what is true of (_ 
the collection of pnrnllel fibres, which we call the muscle, is also 
true of each fibre, for the swelling at any part of the muscle is 
only the sum of the swelling of the individual fibres; if we were ^ 
able to take a single long fibre, and stimulate it at one end. we 
should be able, under the microscope, to see a swelling or bulging, 
accompanied by a corresponding shortening, — i. n. to see a con- 
^ction sweep alone the fi bre f rom end to end. f^i^ .^^""^JJ^^^ •i.u.^^Sy"' 

It, in the graphic record of the two levere just mentioned, 
we count the number of vibrations of the tuning-fork which 
intervene between the mark on the reconl which indicates the 
beginning of the rise of the near lever (that I'*, the arrival of the 
contraction wave at this lever), and the mark which indicates the 
banning of the rise of the far lever, this will give us the time 
which it has taken the contraction wave to travel from the near to 
the far lever. I^t us suppose this to be Q0.5 s^^ Let us supposg '^f' 
' I the two leve rs to be 1.1 ~mm. The con- -j^'-w 

.■el U, mm.; tTiat la -U*^ 
per sec. And, indeed. 
t1ie frog's muscles the ^^'if* ' 
contraction wave does travel at a rate which may t« put down aa Jg^_^ ^ 
from 3 to 4 meters a second, though it varies under different con- 
ditions. In the warm blooded mammal the rate is somewhat 
greater, and may probably be put down at five meters a second 
in the excised muscle, rising possibly to ten meters in a muscle 
within the living body. 

If, again, in the graphic record of the two levers we count, in 
the case of either lever, the number of vibrations of the tuning- 
fork which intervene Itetween the mark where the lever begins to 
rise and the mark where it has finished its fall and returned to the 
base line, we can measure the time intervening between the 
coDtraction wave reaching the lever, and leaving the lever on its 
way onward ; that is to say, we can measure the time which it has 
taken the contraction wave to pass over the part of the muscle on 
^ which the lever is resting. Let us sup^iose this time to be, say, r 
J •! sec. But a wave which is travelling at the rate of 3 m. a) 
Becond and takes 1 sec. to pass over any point must be 300 mm. | 
long. And, indeed, we find that in the^ frog the length of the I 
contniction wave may _be put dpwn as varying from 200 to 
465jS-W- i J^nd in the mammal it is not very different. 

Now. ns wc have said, the very longest muscular fibre ha stated 
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to be at most only about 40 mm. in length ; hence, in an ordinary 
contraction, during the greater part of the duration of the con- 
traction the whole length of the fibre will be occupied by the 
contraction wave. Just at the beginning of the contraction there 
will be a time when the front of the contraction wave has reached, 
for instance, only half-way down the fibre (supposing the stimulus 
to be applied, as in the case we have been discussing, at one end 
only), and just at the end of the contraction there will be a time, 
for instance, when the contraction has left the half of the fibre 
next to the stimulus, but has not yet cleared away from the other 
half. But nearly all the rest of the time every part of the fibre 
will be in some phase or other of contraction, though the parts 
nearer the stimulus will be in more advanced phases than the 
parts farther from the stimulus. 

This is true when a muscle of parallel fibres is stimulated 
artificially at one end of the muscles, and when, therefore, each 
fibre is stimulated at one end. It is, of course, all the more true 
when a muscle of ordinary construction is stimulated by means of 
its nerve. The stimulus of the nervous impulse impinges, in this 
case, on the muscle fibre at the end-plate which, as we have said, 
is placed towards the middle of the fibre, and the contraction 
wave travels from the end-plate in opposite directions toward 
each end, and has, accordingly, only about half the length of the 
fibre to run in. All the more, therefo re, must th e whole fibre be 
i n a^ tate.ot contr actio n,at the same time. 

[t will be observed that in what has just been said the 
contraction wave has been taken to include not only the con- 
traction proper, the thickening and sliortening, but also the 
relaxation and return to the natural form ; the first part of the 
wave, up to the summit of the crest, corresponds to the shortening 
and thickening, the decline from the summit onwards corresponds 
to the relaxation. But we have already insisted that the relax- 
ation is an essential part of the whole act, — indeed, in a certain 
sense, as essential as the shortening itself. 

§ 54. Minnie structure of muscular fibre. So far we have 
been dealing with the muscle as a whole and as observed with 
the naked eye, though we have incidentally spoken of fibres. 
We have now, confining our attention exclusively to skeletal 
muscles, to consider what microscopic changes take place during 
a contraction, what are the relations of the histological features 
of the muscle fibre to the act of contraction. 

The long, cylindrical sheath of sarcolemma is occupied by 
muscle substance. After death the muscle-substance may separate 
from the sarcolemma, leaving the latter as a distia ctsheath^ but 
dimug'Tife the muscle-substance is adherent to t he sarc olemma, 
so that no line of separation between the two can be maSfe out , 
the movements of the one follow exactly all the movements of the 
other. 

Scattered in the muscle-substance, but, in the mammal, lying 
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foi" the most part close under the snrcolemma, are a nurabpr of 
Duclei, oval in shape with their long axes parallel to the length of 
the fibre. Around each nucleus is a thin layer of granular looking 
eubsUince, verj- similar in appnamoce to that forming the body of 
a white blood corpuscle, and like that often spoken of as un- 
dilTerentiated protoplasm. A small quantity of the same granular 
"siibslance is prolonged for some distance, as a narrow conical 
streak from each end of the nucleus, along the length of the fibre. 
With the exception of these nuclei with their granular looking 
bed and the end-plate or end-plales, to be presently described, all 
the rest of the space enclosed by the sarcoleinma from one end of 
the fibre to the other appears to be occupied by a peculiar material, 
ttriaitd mugeU-subitttinci: 

It is called utrtnted because it is marked out, and ibat along 
the whole length of the Rbre, by transverse bands, stretching right 
across the fibre, of substance which is very transparent, bright sub- 
stance, alternating with similar bands of substance which has a dim 
cloudy appearance, rft»(»«Jrfrtnc« ,■ that is to say the fibre is marked 
out along its whole length by alternative bright bands and (Hm 
hands. The bright bands are on an average about 1 >*or I'O fi and 
the dim bands about 25 ^ or 3 /* thick. By careful focussing, both 
bright bands and dim bands may be traced through the whole 
thickness of the fibre, so that the whole fibre appears to be com- 
posed of bright discs and dim discs placed alternately, one upon 
the other, along the whole length of the fibre, the arrangement 
being broken by the end-plate, and here and there by the nuclei. 

When a muscular fibre is treated with dilute mineral acids, 
it ia very apt to break up transversely uito discs, the sarcolemma 
being dissolved, or so altered as easily to divide into fragments 
correspouding to the discs; and a disc may thus be obtained so 
thin as to comprise only a single dim or bright baud, or a band 
dim or bright, with n thin layer of bright or dim substance above 
and below it, the cleavage having taken place along the middle of 
a band. 

When treated with certain reagents, alcohol, chromic acid, &c., 
the fibre ia very apt to split up (and the splitting up may be 
■8sist«d by "teasing") hmgitudinally into columns of variable 
Ibickness, some of which, however, may be exceedingly thin, and 
■re then sometimes spoken of as ' fibrillie.' Both these discs and 
fibrilhp are artificial priMlucls, the results of a transverse or 
longitudinal cleavage of the dead, hardened, or otlierwise prejmrcd 
muscle -substance. Tliey may, nmreover, be obtained in almost 
any thickness or thinness, and these discs and fibrillar do not by 
'lemselves prove much beyond the fact that the fibre tends to 
ivB in the two directions. 

Tlie living fibre, however, tliough at times i^uile glassy looking, 
le bright bands appearing like transparent glass and the dim 
inds like ground glass, is at other times marked with longitudinal 
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lines giving rise to a longitudinal striation, sometimes conspicuous 
and occasionally obscuring the transverse striation. In the muscles 
of some insects each dim band has a distinct palisade appearance, 
as if made up of a number of * fibrillar,' or * rods/ placed side by 
side and imbedded in some material of a different nature ; more- 
over, these fibrillar or rods may, with greater difficulty, be traced 
through the bright bands, and that at times along the whole 
length of the fibre. And there is a great deal of evidence, into 
which we cannot enter here, which goes to prove that in all 
striated muscle, mammalian muscle included, the muscle-substance 
is really composed of longitudinally placed natural fihrilla' of a 
certain nature, imbedded in an intcrjihrillar substance of a different 
nature. In mammalian muscle and vertebrate muscle generally, 
these fibril he are exceedingly thin, and in most cases are not 
sharply defined by optical characters from their interfibrillar bed ; 
in insect muscles, and some other muscles, they are relatively large, 
well defined and conspicuous. The artificial fibrillae obtained by 
teasing may, perhaps, in some cases wliere they are exceedingly 
thin correspond to these natural fibrillar, but in the majority of 
cases they certainly do not. 

In certain insect muscles each bright band has in it two (or 
sometimes more) dark lines which are granular in appearance and 
may be resolved by adequate magnifying power into rows of 
granules. Since they may by focussing be traced through the 
whole thickness of the fibre, the lines are the expression of discs. 
Frequently the lines in the bright bands are so conspicuous as to 
contribute a greater share to the transverse striation of the fibre 
than do the dim bands. Similar granular lines (rows or rather 
discs of granules), may also be seen, though less distinctly, in 
vertebrate, including mammalian, muscle. 

Besides these granular lines whose position in the bright band 
is near to the dim bands, often appearing to form, as it were, the 
upper edge of the dim band below and the lower edge of the dim 
band above, there may be also sometimes traced another transverse 
thin line, in the very middle of the bright band. This line, like the 
other lines (or bands), is the expression of a disc, and has been held 
by some observers to represent a membrane stretched across the 
whole thickness of the fibre, and adherent at the circumference 
with the sarcolemma ; in this sense it is spoken of as Krau8e*8 
membrane. The reasons for believing that the line really repre- 
sents a definite membrane do not, however, appear to be adequate. 
It may be spoken of as the " intermediate line." 

When a thin transverse section of frozen muscle is examined 
quite fresh under a high power, the muscle-substance within the 
sarcolemma is seen to be marked out into a number of small, more 
or less polygonal areas, and a similar arrangement into areas may 
also be seen in transverse sections of prepared muscle, though the 
features of the areas are somewhat different from those seen in the 



^AP. II.] 



THE CONTRACTILE TISSUES. 



ig fibre. These areas are spoken of as " Cohnheim'a 
areas ; " they are very much larger than the diameter of a fibrilla 
as indicuU.-(l by the longitudinal striatiun, and, indeed, coireapoud 
to a whole bundle of such fibrilla-. Their existence seems to 
indicate that the fibrilla are arranged in longitudinal prisms, 
separated from each other by a larger amount of interfibrillar 
subBtancc than that uniting tt^etber the individual fibrillie form- 
ing each prism. 

Lastly, it may be mentioned that not only are the various 
granular lines at times visible with difficulty, nr quite invisible, but 
that even the distinction between dim and bright bands is on 
occasion very faint or obscure, the whole muscle-substance, apart 
from the nuclei, appearing almost homogeneous. 

Without attempting to discuss the many and various interpre- 
tationa of the above and other details concerning the minute 
^■tructure of striated muscular fibre, we may here content ourselves 
•ith the following general conclusions. ,', 

(1) That the muscle-substance is composed of longitudinally ' 
disp08ed./ifiriy/(E (probably cylindrical in general form, and probably 
arranged in longitudinal prisms) imbedded in an tnterfihrillar - 
tuistance, which appears to be less differentiated than the fibrilla 
themselves, and which is probably continuous with the undifferen- ' ;.' 

kti^ted protoplasm round the nuclei. The interfibrillar substance -' 
tctains more readily with gold chloride than do' the fibrillie, and -y' 
Whence, in gold chloride, specimens appear as a sort of meshwork, '"-' 
with longitudinal spaces corresponding to the fibrillm. 

(2) That the interfibrillar substance is, relatively to the fibrillie, 
igore ab undant in Tlie^ muscles "of some animals than in those 
^ ot hersT"beingrTor instance, very conspicuous in the muscles 

Tlusects, in which animals we should naturally exi>ect the less 
iifTerentiated material to be more plentiful than in the muscles of 
Kthe more highly developed mammal. 

(3) That the fibrilhe and interfibrillar substance having dif- 
I fcrentjvfTatiivf [vowers, some of the optical features of muscle may 

* I (liie, on tliii one hand, to the relative proportion of fibrilla? to 

I int«rfibrillar substance, and on the other hand to the fibrilla not 

IwiQg cylindrical throughout the length of the fibre, but constricted 

St intervals, and thus becoming beaded or moniliform. For in- 

•taooe, the rows of granules spoken of above are by some regarded 

"1 corresponding to aggregations of interfibrillar material filling 

the spaces where the fibrilla; are most constricted. And, 

tdeed, some authors maintain that the whole striation is simply 

B opticsl effect due to the disposition of ihe surfncft of the fibre. 

, does not seem possible at the present time to make any 

tatement which will satisfactorily explain all the various appear- 

» met with. 

} 6& We may now return to the (juestion, What happens 
1 a coutroctiou wave sweeps over the fibre ? 
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Muscular fibres may be examined, even under high powers of the 
microscope, while they are yet living and contractile ; the contrac- 
tion itself may be seen, but the rate at which the wave travels is 
too rapid to permit satisfactory observations being made as to the 
minute changes which accompany the contraction. It frequently 
happens, however, that when living muscle has been treated with 
certain reagents, as, for instance, with osmic acid vapour, and sub- 
sequently prepared for examination, fibres are found in which a 
bulging, a thickening and shortening, over a greater or less part of 
the length of the fibre, has been fixed by the osmic acid or other 
reagent. Such a bulging obviously differs from a normal contraction 
in being confined to a part of the length of the fibre, whereas, as 
we have said, a normal wave of contraction, being very much longer 
than any fibre, occupies the whole length of the fibre at once. We 
may, however, regard this bulging as a very short, a very abbre- 
viated wave of contraction, and assume that the changes visible in 
such a short bulging also take place in a normal contraction. 

Admitting this assumption, we learn from such preparations 
that in the contracting region of the fibre, while both dim and 
bright bands become broader across the fibre, and correspondingly 
thinner along the length of the fibre, a remarkable change takes 
place between the dim bands, bright bands, and granular lines. 
We have seen that in the fibre at rest the intermediate line in 
the bright band is in most cases inconspicuous ; in the contracting 
fibre, on the contrary, a dark line in the middle of the bright 
band in the position of the intermediate line becomes very distinct. 
As we pass along the fibre from the beginning of the contraction 
wave, to the summit of the wave, where the thickening is greatest, 
this line becomes more and more striking, until at the height 
of the contraction, it becomes a very marked dark line, or thin 
dark band. Pari passu with this change, the distinction between 
the dim and bright bands becomes less and less marked ; these 
appear to become confused together, until, at the height of the 
contraction, the whole space between each two now conspicuous 
dark lines is occupied by* a substance which can be called neither 
dim nor bright, but which, in contrast to the dark line, appears 
more or less bright and transparent. So that in the contracting 
part there is, at the height of the contraction, a reversal of the 
state of things proper to the part at rest. The place occupied 
by the bright band, in the state of rest, is now largely filled by 
a conspicuous dark line, which previously was represented by the 
inconspicuous intermediate line, and the place occupied by the 
conspicuous dim band of the fibre, at rest, now seems by com- 
parison with the dark line the brighter part of the fibre. The 
contracting fibre is like the fibre at rest striated, but its striation 
is different in its nature from the natural striation of the resting 
fibre ; and it is held by some that in the earlier phases of the 
contraction, while the old natural striation is being replaced 
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^^^1 by the new striatiou, there is a stage in which all BtriatioQ 

^^H is 

^^H We may add that the outline of the sarcolemma, which in the 

^^H. fibre at rest is quite even, becomes, during the cuutractiuu, indented 

^^^K opposite the intermediate line, and bulges out in the interval 

^^^R between each two intermediate lines, the bulging and indentation 

^^^V becoming more marked the greater the contmctiou. 

^^^H § 56. We can learn something further about this remarkable 

^^^B change by examining the fibre under polarized light. 

^^^1 When ordinary liglit ia sent through u Nicol prism (wliicli is a 

^^^B.rtiomb of Ictilftud spar divided into two in a certuiu diruclioii, tlin 

^^^^l.bftlvea bein^ eabstKiuently cemented together in a G|)ecial way), it 

^^^^P tindecgoes a chungo in passing through the prisui and is said to be 

^^^ polarised. One efl'ect of this |>olariKtttiou is tbot a ray of hght which 

has passed throu<^'ii one Niuol prism will or will not paKs through a, 

second Nicol, iicconling to the relative position of the twu prisms. 

Thus, if the second Nicol be so placed thai what is called its "optic 

Kzis" be in a line with or parallel to the optic axis of the hmt Nicol, 

the light imsaing ihroii);h the first Nicol will idgo piisa through tlie 

■econd. But if the second Nicol be rotated until its optic axis is at 

ji^lit angles with the optic axis of the first Nicot, none of the light 

liug through the former will pass through the latter ; the prisms 

this position are said to be 'crossed.' In intermediate positions 

'vora nr less li};ht passes through the second Nicol, according to the 

tngle between the two optic axes. 

Hence when one Nicol is placed beneath the stage of a micrnscope 

M that the light from the mirror is sent through it, and another Nicol 

is placed in the eye-piece, the field of the micri>scope will appear dark 

when the eye-piece Nicol is rotated so that its optic axis is at 

light angles to the optic axis of tbe lower Nicol, and, consequently, 

the light passing through the lower Nicol is stopped by it. If, however, 

llie o|jtic axis of the eye-piece Nicol be parallel to that of the lower 

ficol, the light from the latter will pass throus(h the former, and the 

Jd will be bright; and, as the eye-piece is gradually rotated from one 

lition to tlie other, the briglitness of the Held will diminish or 

Both the Nicols are composed of doubly refractive material. If 
iw a tliinl doubly refractive material be placed on tbe stage, and, 
"ire, between the two Nicola, the light psBsing through the lower 
Kieoi will (in a certain position of the doubly refractive materiid on 
Mm stage, that is to say, when its optic axes have a certain )Hiaition) 
paoB thtongh it, and also ttirou^jh the croued Nicol in the eyc-piei-e. 
Hoaca the doultly refractive material on the stage (or such parts oF it 
a» an in the proiier position in res])ect to their optic axes) will, when 
tli« eye-piece Nicol is cn^ssed, appear illuminateil and bright on a dark 
tmHA, En this way the existence of doubly refractive material in a 
preparation may be dclectvii. 

When muscle prepared and mounted in Canada balsam ia 
led in the microscope between liicot prisms, one on the 
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stage below the object, and the other in the eye-piece, the fibres 
stand out as bright objects on the dark ground of the field when 
the axes of the prisms are crossed. On closer examination it is 
seen that the parts which are bright are chiefly the dim bands. 
This indicates that it is the dim bands which are doubly refractive, 
y anisotropic, or are chiefly made up of anisotropic substance ; there 
' *'^^ seems, however, to be some slight amount of anisotropic substance 
in the bright bands though these as a whole appear singly refrac- 
. Jiive or isotropic. The fibre accordingly appears banded or striated 
• • x' with alternate bands of anisotropic and isotropic material. Accord- 
ing to most authors, such an alternation of anisotropic and (chiefly) 
isotropic bands which is obvious in a dead and prepared fibre 
exists also in the living fibre ; but some maintain that the living 
fibre is uniformly anisotropic. 

Now, when a fibre contracts, in spite of the confusion previously 
mentioned between dim and bright bands, there is no confusion 
between the anisotropic and isotropic material. The anisotropic, 
doubly refractive bands, bright under crossed Nicols, occupying 
the position of the dim band in the resting fibre, remain doubly 
refractive, bright under crossed Nicols, even at the very height of 
the contraction. The isotropic, singly refractive, bands, dark 
under crossed Nicols, occupying the position of the bright bands 
in the fibre at rest, remain isotropic and dark under crossed Nicols, 
at the very height of the contraction. All that can be seen is 
that the singly refractive isotropic bands become very thin indeed 
during the contraction, while the anisotropic bands, though, of 
course, becoming thinner and broader in the contraction, do not 
become so thin as do the isotropic bands ; in other words, while 
both bands become thinner and broader, the doubly refractive 
anisotropic band seems to increase at the expense of the singly 
refractive isotropic band. 

§ 57. We call attention to these facts because they shew how 
complex is the act of contraction. The mere broadening and 
shortening of each section of the fibre is, at bottom, a translocation 
of the molecules of the muscle-substance. If we imagine a com- 
pany of 100 soldiers ten ranks deep, with ten men in each rank, 
rapidly, and yet by a series of gradations, to extend out into a 
double line with 50 men in each line, we shall have a rough image 
of the movement of the molecules during a muscular contraction. 
But, from what has been said, it is obvious that the movement, in 
striated muscle at least, is a very complicated one ; in other forms 
of contractile tissue it may be, as we shall see, more simple. Why 
the movement is so complicated in striated muscle, what purposes 
it serves, why the skeletal muscles are striated, we do not at present 
know. Apparently, where swift and rapid contraction is required, 
the contractile tissue is striated muscle ; but how the striation 
helps, so to speak, the contraction we do not know. We cannot say 
what share in the act of contraction is to be allotted to the several 
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parts. Since during a contraction the fibre bulges out mwre opposite 
to each dim disc, and is indented opposite to each bright disc, since 
the dim disc is more largely composed ot anisotropic material than 
the rest of the fibre, and since the anisotropic material in the 
position of the dim disc increases during a contraction, we might, 
perhaps, infer that tlic dim disc rather than the bright disc is the 
essentially active part. Assuming that the fibrillar substance is 
more abundant in the dim discs, while the interfibrillar substance 
is more abundant in the bright discs, and that the fibrillar sub- 
stance is anisotropic (and hence the dim discs largely anisotropic), 
while the interfibrillar substance is isotropic, we might also be 
inclined to infer it is the fibrillar and not the int£TfibriIlar sub- 
stance which really carries out the contraction; but even this 
much is not yet definitely proved. 

One thing must be remembered. The muscle-substance, though 
it possesses the complicated structure, and goes through the i-e- 
markable changes which we have deacribed, is, while it is living 
and intact, in a condition which we are driven to speak of as 
Bemifluid. The whole of it is essentially mobile. The very act of 
contraction indeed shews this ; but it is mobile in the sense that no 
pert of it, except, of course, the nuclei and sarcolemma, neither dim 
nor bright substance, neither fibrillar nor interfibrillar substance 
CBD be regarded as a hard and fast structure. A minute ncma- 
toid worm has been seen wandering in the midst of the substance 
of a living contractile fibre ; as it moved along, the muscle sub- 
stance gave way before it, and closed up again behind it, dim hands 
and bright bauds all falling back into their proper places. We 
may suppose that in this case the worm threaded its way in a 
fluid interfibrillar substance between and among highly extensible 
and elastic fibrilla>. But even on such a view, and still more on 
the view that the fibrillar substance also was broken and closed 
up again, the maintenance of sui.h definite histological features, as 
those which we have described, in material so mobile can only \>e 
effected, even in the fibre at rest, at some considerable expenditure 
of energy ; which energy, it may be expected, has a chemical source. 
During the contraction there is a still further expenditure of energy, 
Bome of which, as we have seen, may leave the muscle as ' work 
done ; ' this energy likewise may be expected to have a chemical 
eonrce. We must therefore now turn to the cbemistrj' of muscle. 

TTic Chemistrji nf Muscle. 

§ 58. We said, in the Introduction, that it was difficult to 
make out with certainty the exact chemical differences between 
dead and living substance. Muscle, however, in dying, undergoes 
a remarkable chemical change, which may be studied with com- 
parative ease. We have already said that all muscles, within a 
«ertain time after removal from the body, or, if still remaining port 
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of the body, within a certain time after 'general' death of the 
body, lose their irritability, and that tlie loss of irritability, which, 
even when rapid, is gradual, is succeeded by an event which is 
somewhat more sudden, viz. the entrance into the condition known 
as TigoT mortis. The occurrence of rigor mortis, or cadaveric rigidity, 
as it is sometimes called, which may be considered as the token of 
the death of the muscle, is marked by the following features. The 
living muscle possesses a certain translucency, the rigid muscle is 
distinctly more opaque. The living muscle is very extensible and 
elastic, it stretches readily and to a considerable extent when a 
weight is hung upon it, or when any traction is applied to it, but 
speedily and, under normal circumstances, completely returns to 
its original length when the weight or traction is removed ; as we 
shall see, however, the rapidity and completeness of the return 
depends on the condition of the muscle, a well-nourished, active 
muscle regaining its normal length much more rapidly and com- 
pletely than a tired and exhausted muscle. A dead, rigid muscle 
is much less extensible, and at the same time much less elastic ; 
the muscle now requires considerable force to stretch it, and when 
the force is removed, does not, as before, return to its former 
length. To the touch the rigid muscle has lost much of its former 
softne.'is, and has become firmer and more resistant. The entrance 
into rigor mortis is, moreover, accompanied by a shortening or 
contraction, which may, under certain circumstances, be con- 
siderable. The energy of this contraction is not great, so that any 
actual shortening is easily prevented by the presence of even a 
alight opposing force. 

Now, the chemical features of the dead, rigid muscle are also 
strikingly different from those of the living muscle. 

§ 59. If a dmd muscle, from which all fat, tendon, fascia, and 
connective tissue have been as much as possible removed, and 
which lias been freed from blood by the injection of ' normal ' saline 
solution, be minced and repeatedly washed with water, the washings 
will contain certain forms of albumin, and certain extractive bodies, 
of which we shall speak directly. When the washing has been 
continued until the wash-wat«r gives no proteid reaction, a large 
portion of muscle will still remain undissolved. If this be treated 
with a 10 p.c. solution of a neutral salt, ammonium chloride being 
the best, a large portion of it will become dissolved ; the solution, 
however, is more or less imperfect, and filters vrith diiEculty. If the 
filtrate be allowed to fall, drop by drop, into a large quantity of 
distilled water, a white, fiocculent matter will be precipitated. 
This fiocculent precipitate is mi^osin. Myosin is a proteid, giving 
the ordinary proteid reactions, and having the same general 
elementary composition as other proteids. It is soluble in dilute 
saline solutions, especially those of ammonium chloride, and may 
be classed in the globulin family, though it is not so soluble as 
paraglobulin, requiring a stronger solution of a neutral salt to 
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dissolve it; thus while soluble in a 5 or 10 p.c. solution of such a 
salt, it is far less soluble iu a 1 p.c. solution, which, as we have 
seen, readily ilissolves paraglobuliu. From its solutions in neutral 
saline solution it is precipitated by saturation with e neutral 
salt, preferably sodium chloride, and may be purilied by being 
washed with a saturated solution, dissolved again in a weaker 
solution, and re precipitated by saturation. Dissolved in saline 
solutions, it readily coagulates when heated, i.e. is converted into 
coagulated proteid, and it is worthy of notice that it coagulates 
St a comparatively low temperature, viz. about 56° C. ; this, it will 
be remembered, is the temperature at which fibrinogen is co- 
agulated, whereas paraglobuUn, serum albumin, and many other 
proteids do not cungulnte until a higher temperature, 75° C, ia 
reached. Solutions of myosin are precipitated by alcohol, and the 
precipitate, as in the case of other proteids, becomes, by continued 
action of the alcohol, altered into coagulated insoluble proteid. 

We have seen that paraglobulin, and. indeed, any member of 
the globulin group, is very readily changed by the action of dilute 
acids into a body called acid albumin, characterised by not being 
soluble either in water or in dilute saline solutions, but readily 
soluble in dilute acids and alkalis, from its solutions in either of 
which it is precipitated by neutralisation, and by the fact that the 
solutions in dilute acids and alkalis are not coagulated by heat 
When, therefore, a globulin is dissolved in dilute acid, what takes 
place is not a mere solution but a chemical change ; the globulin 
cannot be got back from the solution, it has been changed intd 
acid-albumin. Similarly, when globulin is dissolved in dilute alkalis 
it is changed into alkali albumin ; and, broadly speaking, alkali 
albumin precipitated by neutralisation can be changed by solution 
with dilute acids into acid albumin, and acid albumin by dilute 
alkalis into alkali albumin. 

Now, myosin is similarly, and even more readily than ia 

globulin, converted into acid albumin, and by treating a muscle, 

either washed or not, directly with dilute hydrochloric acid, the 

myosin may be converted into acid albumin and dissolved out 

Acidalbumiii^bta2^neii_by dissolving muscle in dilute acid used to 

b e called^w ifiJHiH. and it used to be said that a muscle contained 

\ ayptonia ; tH e^usc lg. Imiyever. contains myosin, not syntonin, but 

' it may be useful toretain the word synl^ jh to denote acid albumin 

\ obtained by the action of dilute acidon myo sin ■" By the action 

of dHute alkalis, myosin may similarly be converted into alkali 

albumin. 

From what has been stated above, it is obvious that myosin has 
. many analogies with fibrin, and we have yet to mention other 
' striking analt^tes ; it is, however, much more soluble than fibrin, 
I and, speaking generally, it may be said to be intermediate in its 
[ chancier between fibrin and globulin. On keeping, and especially 
I on diying. itn soluliility is much diminished. 
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Of the substances which are left in washed muscle, from which 
all the myosin lias been extracted by ammonium chloride solution, 
little is known. If washed muscle be treated directly with dilute 
hydrochloric acid, a large part of the material of the muscle passes, 
as we have said, at once into syntonin. The quantity of syntonin 
thus obtained may be taken as roughly representing the quantity 
of myosin previously existing in the muscle. A more prolonged 
action of the acid may dissolve out other proteids, besides myosin, 
left after the washing. The portion insoluble in dilute hydro- 
chloric acid consists, in part, of the gelatine yielding and other 
substances of the sarcolemma, and of the connective and other 
tissues between the bundles, of the nuclei of these tissues, and of 
the fibres themselves, and, in part, possibly, of some portions of 
the muscle substance itself. We are not, however, at present in a 
position to make any very definite statement as to the relation of 
the myosin to the structural features of muscle. Since the dim 
I bands are rendered very indistinct by the action of 10 p.c. sodium 
I chloride solution, we may perhaps infer that myosin enters largely 
linto the comj)osition of the dim bands, and, therefore, of the 
ifibrillae ; but it would be hazardous to say much more than this. 
. § 60. Living muscle may be frozen, and yet, after certain 

^^ Os precautions will, on being thawed, regain its irritability, or, at all 
"i: events, will for a time be found to be still living in the sense that 
^ • it has not yet passed into rigor mortis. We may, therefore, take 
I \ living muscle which has been frozen as still living. 
^•> I' If livimj contractile muscle, freed as much as possible from 
.blood, be frozen, and, while frozen, minced, and rubbed up in a 
mortar with four times its weight of snow, containing 1 p.c. of 
- sodium chloride, a mixture is obtained which at a temperature 
»? .^- just below 0°C. is sufficiently fiuid to be filtered, though with 
'. ^ ^ difficulty. The slightly opalescent filtrate, or muscle plasma, as it 
x""^- . is called, is at first quite fluid, but will, when exposed to the 
\ . * ordinary temperature, become a solid jelly, and afterwards separate 
' ^ ^\.^into a clot and serum. It will, in fact, clot like blood plasma, 
\ . ;; ' with this difference, that tlie clot is not firm and fibrillar, but 
^ i^ ix^ loose, granular and fiocculent. During the clotting, the fluid, which 
V--*s^/- before was neutral or slightly alkaline, becomes distinctly acid. 
J: v-^VS^ The clot is myosin. It gives all tlie reactions of myosin obtained 
from dead muscle. 

The serum contains an a lbum in very similar to, if not identical 
with, serum albumin, a globulin differing somewhat from, and 
coagulating at a lower temperature than paraglobulin, and which, 
to distinguish it from the globulin of blood, has been called myos. 
globulin, some other proteids which need not be described here, 
and various * extractives ' of which we shall speak directly. Such 
muscles as are red also contain a small quantity of haemoglobin, and 
of another allied pigment, called Jiistohcematin, to which pigments, 
indeed, their redness is due. 
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Thus, wliili; doud muscle contains inyoBin, albumin, and cither 
protfiids, extractives, and certain insoluble matters, together with 
gelatinous and other Bubstauces not referable to the muscle 
substance itself, living muscle contains no myosin, but some 
substance or substances which bear somewhat the same relation to 
myosin that the antecedents of tibrin do to Hbriu, and which give 
rise to myosin upon thi; death of the muscle. There are indeed 
reasons fur thinking that the myosin arises from the conversion of 
a previously existing body, which may be called myoniuxjen,, and 
that the conversion takes place, or may take place, by the action 
of a special ferment, the conversion of myosinogen into myosin 
being very analogous to the conversion of fibrinogen into fibrin. 

We may, in fact, speak of rigorjuortis as^ characterised bi^ 
clot ting of the mi ^le plasma, comparable _ to_ _t^ _clottijiJi_ot^ 
blood pl asma, buTH iHg ring f rom it in asmu chas the product is not 
fibriii^turmYosin i Ttie ngldity, the loss oT suppleness, and the 
diminished translucency appear to he, at all events, lai^ely, though 
probably not wholly, due to the change from the Huid plasma to the 
solid myosin. We might compare a living muscle to a number 
of fuie, transparent, membranous tubes containing blood plasma. 
When this blood plasma entered into the ' jelly ' stage of clotting. 
the system of tubes would present many of the phenomena of rigor 
mortis. They would lose much of their suppleness and translucency, 
and acquire a certain amount of rigidity. 

§ SI. There is, however, one very marked and important 
difference between the rigor mortis of muscle and the clotting 
of blood. Blood during its clotting undergoes a slight change 
only in its reaction ; but muscle during the onset of rigor mortis 
becomes distinctly acid. 

A living muscle at rest is in reaction neutral, or, possibly from 
some remains ot lymph adhering to it, faintly alkaline. If, on the 
other hand, the reaction of a thoroughly rigid muscle be tested, it 
will be found to be most distinctly acid. This development of an 
acid reacUoii is witnessed not only in the solid, untouched fibre, but 
also in expressed muscle plasma ; it seems to be associated in some 
way with the appearance of the myosin. 

The exact causation of this acid reaction has not at present 
been clearly worked out. Since the coloration of the litmus pro- 
duced is ijermanent, carbonic acid, which, as we shall immediately 
State, is set free at the same time, cannot bo regarded as the active 
acid, for the reddening of litmus produced by carbonic acid speedily 
disappears on exposure. Un the other hand, it is ]K>sHibIe to ex- 
tract from rigid muscle a certain quantity of lactic acid, or rather 
of a variety of lactic acid known as sarcolactic acid ' ; and we may 
probably it^gard the acid reaction of rigid muscle as due to n new 
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formation, or to an increased formation of this sarcolactic acid. 
There is reason, however, to think that the establishment of the 
acid reaction is not a perfectly simple process, but a more or less 
complex one, other substances besides sarcolactic acid intervening. 
Coincident with the appearance of this acid reaction, though 
as we have said, not the direct cause of it, a large development of 
carbonic acid takes place when muscle becomes rigid. Irritable 
living muscular substance, like all living substance, is continually 
respiring, that is to say, is continually consuming oxygen and 
giving out carbonic acid. In the body, the arterial blood going to 
the muscle gives up some of its oxygen, and gains a quantity of 
carbonic acid, thus becoming venous as it passes through the 
muscle capillaries. Even after removal from the body, the living 
muscle continues to take up from the surrounding atmosphere a 
certain quantity of oxygen, and to give out a certain quantity of 
carbonic acid. 

At thej)nset of rigor mortis there is a very large and sudden 
increase in this production of carbonic acid, in fa ct an outburst , as it 
were, of that gas. This is a phenomenon deserving special attention. 
Knowing that the carbonic acid, which is the outcome of the re- 
spiration of the whole body, is the result of the oxidation of carbon- 
holding substances, we might very naturally suppose that the 
increased production of carbonic acid attendant on the development 
of rigor mortis is due to the fact that during that event a certain 
quantity of the carbon-holding constituents of the muscle are 
j;uddenly oxidized. But such_a viewis negatived by the following 
facts. In the first place, the increased production of carbonic acid 
J during rigor mortis is not accompanied by a corresponding in- 
\ crease in the consumption of oxygen. In the second place, a 
■ muscle (of a frog for instance) contains in itself no free or loosely 
\ attached oxygen ; when subjected to the action of a mercurial air- 
pump it gives off no oxygen to a vacuum, offering in this respect 
a marked contrast to blood ; and yet, when placed in an atmosphere 
free from oxygen, it will not only continue to give off carbonic 
acid while it remains alive, but will also exhibit, at the onset of 
rigor mortis, the same increased production of carbonic acid that 
is shewn by a muscle placed in an atmosphere containing oxygen. 
It is obvious that in such a case the carbonic acid does not arise 
(from the direct oxidation of the muscle substance, for there is no 
oxygen present at the time to carry on that oxidation. We are 
driven to suppose that, during rigor mortis, some complex body, 
■containing in itself ready formed carbonic acid, so to speak, is split 
jup, and thus carbonic acid is set free, the process of oxidation by 
which that carbonic acid was formed out of the carbon-holding 
constituents of the muscle having taken place at some anterior 
date. 

Living, r esti ng muscle, then, is alkaline or neutral in re action, 
and the substance of its fibres^contains a plasma capable of clotting. 
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solid myosin. Further, the change from The living irritable 
dition to that of rigor mortis is accompanied by a large and sudden 
development of carbonic acid. 

It is found, moreover, that there is a certain amount of parallel- 
ism between the intensity of the rigor mortis, the degree of acid 
reaction, and the quantity of carbonic acid given out. If we 
suppose, as we fairly may do, that the intensity of the rigidity is 
dependent on the quantity of myosin deposited in the fibres, and 
the acid reaction to the development, if not of lactic acid, at least 
of Bome other substance, the parallelism between the three products, 
myosin, acid-producing sub s tance, and carbonic a cid, w ould sugtrest 
t he Idea that all three tfi '^ tKe re sults of the spUttin^-up of the 
g ame highly, complex substanc e. No one Tias at present, nowever7 
succeeded in isolating or in otEerwise definitely proving the exist- 
ence of such a body, and though the idea seems tempting, it ma^ 
in the end prove totally erroneous. 

§ 62. As to the other proteida of muscle, such as the albumin 
and the globulin, we know as yet nothing defimte concerning the 
parts which they play, and the changes which they undergo in 
the living muscle or in rigor mortis. 

Besides the /at which is found, and that not unfrequently in 
abundance, in the connective tisane between the fibres, there is 
a lso pre sent in t he mu scular substance within the sarcolemma. 
at times a great deal, of fat, chiefly ordinary fat, 
itin, and oleinyin variable proportion, but also 
the more complex fat lecithin, yjls to the function of these several 
" its in the life of the muscle we know little or nothing. 

Carbohydrates, the third of the three great classes in which we 
may group the energy-holding substances of which the animal 
body and its food are alike composed, vi z. proteids, fat and carbo- 
hydrates, are represented in muscle by a" peculiar bojjy. g/fffo.yen. 
Which we shall have to study m detail later on. We must HBT?" 
merely say that gl ycogen is a body closely allied to starch , having 
a formula, which may be included under the general formula for 
Btardiea j^(C(HiDOe). and may like it be converted by the action of 
scida, or, by the action of particular ferments known as amylolytic 
(ermente, into some form of sugar, dextrose (CiH„0(), or some 
allied sugar. Many, if not all, living muscles contain a certain 
amount, and some, under certain circumstances, a considerable 
amount of glycogen- During or after rigor mortis this glycogen ia 
very apt to be converted into dextrose, or an allied sugar. The 
muscles of the embryo at an early stagi- contain a relatively 
enormous quantity of glycc^en, a fact whicli suggests that the 
glycx>gen of muscle is carbohydrate food of the muscle about to be 
WTo^ht up into the living muscular substance. 

1m bodies which wo have called extraetirts&Te numerous and 
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varied. They are especially interesting since it seems probable 
that they are waste products of the metabolism of the muscular 
substance, and the study of them may be expected to throw light 
on the chemical change which muscular substance undergoes during 
life. Since, as we shall see, muscular substance forms by far the 
greater part of the nitrogenous — that is, proteid — portion of the 
body, the nitrogenous extractives of muscle demand peculiar atten- 
tion. Now, the body urea, which we shall have to study in detail 
later on, far exceeds in importance all the other nitrogenous extrac- 
tives of the body as a whole, since it is practically the one form in 
which nitrogenous waste leaves the body ; if we include with urea, 
I the closely allied uric acid (which for present purposes may simply 
/ be regarded as a variety of urea), we may say broadly that all the 
nitrogen taken in as food sooner or later leaves the body as urea ; 
compared with this all other nitrogenous waste thrown out from 
the body is insignificant. Of the urea which thus leaves the body, 
a considerable portion must at some time or other have existed, or, 
to speak more exactly, its nitrogen must have existed as the nitrogen 
of the proteids of muscular substance. Nevertheless, no urea at all 
is, in normal conditions, present in muscular substance either living 
and irritable, or dead and rigid ; urea does not arise in muscular 
substance itself as one of the immediate wast^e products of 
muscular substance. 

There is, however, always present, in relatively considerable 
amount, on an average about '25 p.c. of wet muscle, a remarkable 
body, kreatin. This is inone sense a compound gf uie a : it may 
be sp lit uj) into urea and sarcosm. This Tatter body is a meffiyl 
glycin, that is to say, a glycin in which methyl has been sub- 
stituted for hydrogen, and glycin itself is amido-acetic acid, a 
compound of amidogen, that is a representative of ammonia, and 
acetic acid. Hence kreatin contains urea, which has close relations 
with ammonia, together with another representative of ammonia, 
and a surplus of carbon and hydrogen arranged as a body belonging 
to tlie fatty acid series. We shall have to return to this kreatin, 
and to consider its relations to urea and to muscle, when we come 
to deal with urine. 

The other nitrogenous extractives, such as karnin, hypoxanthin 
(or sarkin), xanthin, taurin, &c., occur in small quantity, and need 
not be dwelt on here. 
f Among non-nitrogenous extractives, the most important is the 
J sarcolactic acid, of which we have already spoken ; to this may 
be added sugar in some form or other, either coming from glycogen 
or from some other source. 

The ash of muscle, like the ash of the blood corpuscles, and, 
indeed, the ash of the tissues in general, as distinguished from the 
blood, or plasma, or lymph on which the tissues live, is character- 
ised by the preponderance of potassium salts and of phosphates ; 
these form in fact nearly 80 p.c. of the whole ash. 
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§ 63. We may now pass on to the question. What are the 



chemic al clmuges which take place whep a liviug, resting muscle 
pnt^raZ int^ ft ijcin tr action 'I Th« 
the musule iiaabeeu subjected 



These changes are most evident after 
prolonged tetanus ; but there 
can be no doubt that the chemii'iil events of a tetanus are, like 
the physical events, simply the sum of the results of the consti- 
tuent single contractions. 

lu the first place, the muscle becomes acid , not so acid as in 
rigor mortis, but still sufficiently so, after a vigorous tetanus, to 
turn blue litmus distinctly red, The cause of the acid reaction, 
like that of rigor mortis, is not quite clear, but is iu all probability 
the same in both cases. 

In the second place, a considerable quantity of carbonic acid ia 
i 8Bt free ; and the productiun of carbonic acid in muscular coutrac- 
tion resembles the production of carbonic acid during rigor mortis 
in that it ia not accompanied by a correspontUug increase in 
the consumption of oxygen. This is evident even in a muscle 
through which the circulation of blood is still going on; for though 
the blood passing through a contracting muscle gives up more 
oxygen than the blood passing through a resting muscle, the increase 
in the amount of oxygen taken up falU below the increase in the 
carbonic acid given out. But it is still more markedly shewn in a 
muscle removed from the body ; for in such a muscle both the 
coutractioa and the increase in the production of carbonic acid will 
go on in the absence of oxygen. A frog's muscle, suspended in an 
atmosphere of nitrogen, will remain irritable for some considerable 
time, and at each vigorous tetanus an increase in the production 
of carbonic acid may be readily ascertained. , 

Moreover, there seems to be a correspondence between the 
enei^ of the contraction and the amount of carbonic acid and 
the d^ree of acid reaction produced, so that, though we are now 
treading on somewhat uncertain ground, we are naturally led to the 
view that the essential chemical process, lying at the bottom of & 
muscular contraction as of rigor mortis, is the splitting-up of some 
I highly complex substance. But here the resemblance between rigor 
mortia and contraction ends. We have no satisfactory evidence of 
the formation during a contraction of any body like myosin. And 
thia difference in chemical results tallies with an important physical 
differonce between rigid muscle and contracting muscle. The 
rigid muscle, as we have seen, becomes less extensible, less ela.stic, 

iteSB translucent; the contracting muscle remaius no less trans- 
lacent, elastic, and extensible than the resting muscle, — indeed, 
there are reasons for thinking that the muscle in contracting 
becomes actually more extensible for the time being. 

But if.during a contraction, myosin is not formed, what changes 
of proteid or nitn^enous matter do take place ? We do not know. 
We have no evidence that kreatin, or any other nitrogenous 
extractive, is increased by the contraction of muscle ; we have no 
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satisfactory evidence of any nitrogen waste at all as the result of a 
contraction ; and, indeed, as we shall see later on, the study of the 
waste products of the body as a whole leads us to believe that the 
energy of the work done by the muscles of the body comes from 
the potential energy of carbon compounds, and not of nitrogen 
compounds at all. But to this point we shall have to return. 

§ 64. We may sum up the chemistry of muscle somewhat as 
follows: — 
ly^ During life the muscular substance is continually taking up 
from the blood, that is from the lymph, proteid, fatty and carbo- 
hydrate material, saline matters and oxygen ; these it builds up 
into itself, how, we do not know, and so forms the peculiar complex 
living muscular substance. The exact nature of this living sub- 
stance is unknown to us. What we do know is that it is largely 
composed of proteid material, and that such bodies as myosinogen, 
myoglobulin, and albumin, being always present in it, have 
probably something to do with the building of it up. 

During rest this muscular substance, while taking in and build- 
ing itself up out of, or by means of, the above-mentioned materials, 
is continually giving off carbonic acid, and continually forming 
nitrogenous waste, such as kreatin. It also probably gives off some 
amount of sarcolactic acid, and possibly other non-nitrogenous 
waste matters. 

During a contraction there is a great increase in the amount 
of carbonic acid given off, an increased formation of lactic acid, 
and possibly other changes giving rise to an acid reaction, a greater 
consumption of oxygen, though the increase is not equal to the 
increase of carbopic acid, but, as far as we can learn, no increase 
of nitrogenous waste. 
I During rigor mortis, there is a similar increased production of 
i carbonic acid and of some other acid-producing substance, ac- 
companied by a remarkable conversion of myosinogen into myosin, 
by which the rigidity of the dead fibre is brought about 



Thermal Changes. 

§ 65. The chemical changes during a contraction set free a 
quantity of energy, but only a portion of this energy appears in 
the ' work done ; ' a considerable portion takes on the form of heat. 
Though we shall have hereafter to treat this subject more fully, 
the leading facts may be given here. 

Whenever a muscle contracts, its temperature rises, indicating 

^ that heat is given out. When a mercury thermometer is plunged 

j into a mass of muscles, such as those of the thigh of the dog, a rise 

of the mercury is observed upon the muscles being thrown into a 

prolonged contraction. More exact results however are obtained 

by means of a thermopile, by the help of which the rise of tempera- 
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tore caused by a few repeated single contractions, or, indeed, by a 
single contraction, may be observed, and the amount of heat given 
out approximative ly measured. 

The thermopLlo may tonaist either of a single junction, in the form uf 
a neeille pluiigoil into the aabstaiicu of the muscle ; or of several junctions 
cither in the shape of a flat surface carefully opposed to the surface of 
muscle (the pile being boluncnd so as l<> move with the contracting 
muscle, and thus to keep the contact exact), or iu the shape of a thin 
wedge, the edge of which, comprising the actual junctions, is thrust into 
a mass of muscles and held in position by theiu. In all cases the fellow 
junction or junctions mu^^t be kept at a constant temperature. 

Another delicate method of determining the changes of tempcmturo 
of a tissue is based upon the measurement of alterations iu electric 
resistance which a fine wire, in contact with or plunged into the tisauo, 
undergoes as the temperature of the tissue ctianges. 

It has been calcitlnted that the heat given out by the muscles of 
the thi>;h of a frog in a single contraction amounts to 31 micro-units 
of heat' for each gramme of muscle, the result being obtained by 
dividing by five the total amount of heat given out in five succes- 
sive single contractions. It will, however, be safer to regard these 
figures as illustrative of the fact that the heat given out is consider- 
able rather than as data for elaborate calculations. Moreover, we 
have no satisfactory quantitntive determinations of the heat given 
out by the muscles of warm blooded animals, though there can be 
no doubt that it is much greater than that given out by the muscles 
of the frog. . 

There can hardly be any doubt that the heat thus set free is I 
the product of chemical changes within the muscle, changes, which, 1 
though they cannot, for the reasons given above (§ 63), be regarded 
OS simple and direct oxidations, yet, since they are processes 
dependent on the antecedent entrance of oxygen into the muscle, 
may be spoken of iu general terms as a combustion. So_ tbn t_the 
iscle may be likened to a steam-engine, in which the combus- 
tion of a certain amount of material gives ri.'^e to the development 
ofSnergy in two forms, as heal and as movement, there being 
cerGun quantitative relations between the amount of energy set 
free as heat and that (giving rise to movement We must, however, 
carefully guard ourselves against pressing this analogy too closely. 
In the steam-engine, we can distinguish clearly between the hiel 
which, through its combustion, is the sole source of energy, and the 
machinery, which is not consumed to provide energy, and only 
suffers wear and tear. In the muscle we cannot with certainty at 
present make such a distinction. It may be that the chemical 
changes at the bottom of a contraction do not involve the real 
living material of the fibre, but only some substance, manufactured 
by tbf living material and lodged in some way, we do not know 
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how, in the living material ; it may be that when a fibre contracts 
it is this substance within the fibre which explodes, and not the fibre 
itself. If we further suppose that this substance is some complex 
compound of carbon and hydrogen, into which no nitrogen enters, we 
shall have an explanation of the difficulty referred to above (§ 63), 
namely, that nitrogenous waste is not increased by a contraction. 
\(^ The special contractile, carbon-hydrogen substance may then be 
^^ compared to the charge of a gun, the products of its explosion 
J) being carbonic and sarcolactic acids, while the real, living material 
' of the fibre may be compared to the gun itself ; but to a gun which 
itself is continually undergoing change, far beyond mere wear and 
tear, among the products of which change nitrogenous bodies like 
kreatin are conspicuous. This view will certainly explain why 
kreatin is not increased during the contraction while the carbonic 
and lactic acids are. But it must be remembered that such a view 
is not yet proved ; it may be the living material of the fibre as a 
whole which is continually breaking down in an explosive decom- 
position, and as continually building itself up again out of the 
material supplied by the blood. 

In a steam-engine only a certain amount of the total potential 
energy of the fuel issues as work, the rest being lost as heat, the 
proportion varying, but the work rarely, if ever, exceeding one- 
tenth of the total energy, and generally being less. In the case of 
the muscle we are not at present in a position to draw up an exact 
equation between the latent energy on the one hand and the two 
forms of actual energy on the other. We have reason to think 
that the proportion between heat and work varies considerably 
under difl'erent circumstances, the work sometimes rising as high 
as one-fifth, or, according to some, as high even as one-half, some- 
times possibly sinking as low as one twenty-fourth of the total 
energy ; and observations seem to shew that the greater the re- 
sistance which the muscle has to overcome, the larger the proportion 
of the total energy expended, which goes out as work done. The 
muscle, in fact, seems to be so far self-regulating, that the more 
work it has to do, the greater, within certain limits, is the economy 
with which it works. 

Lastly, it must be remembered that the giving out of heat by 
the muscle is not confined to the occasions when it is actually con- 
tracting. When, at a later period, we treat of the heat of the body 
generally, evidence will be brought forward that the muscles, even 
when at rest, are giving rise to heat, so that the heat given out at 
a contraction is not some wholly new phenomenon, but a temporary 
exaggeration of what is continually going on at a more feeble 
rate. 

Electrical Changes. 

§ 66. Besides chemical and thermal changes a remarkable 
electric change takes place whenever a muscle contracts. 
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Muscle-currents. If a muscle be removed in an ordinary 
maQDer from the body, and two non-polarisable electrodes,' con- 
nected with a delicate galvanometer of many convolutions and 




FlO. 19 NON-POLARISinLE Elkctrodeb. 

a, the fflate tube ; :, the amalf^maCed zinc slips cunnocted with their respective 
wires; i.f.the zinc salphate solutiop , rA. c, the plag of china clay; c', the purtion 
of the rhiiia-cl&y plug projecting from the end of the tabe this cau be moulded iuto 
«0)- riMinired form. 

high resistance, be placed on two points of the surface of the 
muscle, a deflection of the galvanometer will take place, indicating 
the existence of a current passing through the galvanometer from 
the one point of the muscle to the other, the direction and 
amount of the deflection varying according to the position of the 
points. The ' muscle-currents ' thus revealed are seen to the beat 
advantage when the muscle chosen is a cylindrical or .prismatic 
one with parallel fibres, and when the two tendinous ends are cut 
off by clean incisions at right angles to the long axis of the muacle. 
The muscle then presents a transverse section (artificial) at each 
end, and a longitudinal surface. We may speak of the latter as 
being divided into two equal parts by an imaginary transverse line 
on its surface called the ' equator," containing all the points of the 
surface midway between the two ends. Fig. 20 is a dii^rammatic 
representation of such a muscle, the line ab being the equator. In 
such a muscle the development of the muscle-currents is found to 
be as follows. 

■ These (Fig. I9| consist essentially of a slip of tliomiiglUf amaigamaled tine 
dipping into a >alura(rd solution of zinc iia1phal«, which, in tarn, is broncht into 
connectioD with the nerve or muscle by means of aping ur bridge of chma^clar, 
moixtened with normal eodiam chloride solution , it is important that the zinc should 
lie thoroufihlv amalgsmated. I'his form of electrodes nvea rise to less polarisation 
llian do simple platinum or copper electrodes. The clay affords a connection be- 
tween the zinc and the tissae which neither acts on the tissue nor is acted on b; the 
tissue. Contact of any tiMue with copper or platinum is in itself ■ 
develope a current. 
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The greatest deflection is observed when one electrode is placed 
at the mid-point or equator of the muscle, and the other at either 
cut end ; and the deflection is of such a kind as to shew that posi- 
tive currents are continually passing from the equator through the 
galvanometer to the cut end ; that is to say, the cut end is negative 
relatively to the equator. The currents outside the muscle may be 
considered as completed by currents in the mtbscle from the cut end 
to the equator. In the diagram Fig. 20, the arrows indicate the 




Fig. 20. Diagram illustrating the Electric Currents of Nerye and Muscle. 

Being purely diagrammatic, it may serve for a piece either of nerve or of muscle, 
except that the currents at the trausverse section cannot be shewn in a nerve. The 
arrows shew the direction of the current through the galvanometer. 

ah the e({uator. The strongest currents are those shewn by the dark lines, as 
from a, at equator, to x or to ,y at the cut ends. The current from a to c is weaker 
than from a to y, though both, as shewn by the arrows, have the same <iirection. A 
current is shewn from e, which is near the equator, toyi which is farther from the 
equator. Tlie current (in muscle) from a point in the circumference to a point 
nearer the centre of the transverse section is shewn at gh. From a to 6 or from 
X to y there is no current, as indicated by the dotted lines. 

direction of the currents. If the one electrode be placed at the 
equator ah, the effect is the same at whichever of the two cut ends x 
or y the other is placed. If, one electrode remaining at the equator, 
the other be shifted from the cut end to a spot c nearer to the 
equator, the current continues to have the same direction, but is of 
less intensity in proportion to the nearness of the electrodes to each 
other. If the two electrodes be placed at unequal distances e and /, 
one on either side of the equator, there will be a feeble current from 
the one nearer the equator to the one farther off, and the current 
will be the feebler, the more nearly they are equidistant from the 
equator. If they are quite equidistant, as, for instance, when one is 
placed on one cut end x, and the other on the other cut end y, there 
will be no current at all. 

If one electrode be placed at the circumference of the transverse 
section and the other at the centre of the transverse section, there 
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will be a current through the galvanometer from the former to 
the latter ; there will be a current of similar direction but of leas 
intensity when one electrode is at the circumference g of the trans- 
verse section, and the other at some point h nearer the centre of the 
transverse section. In fact, the points which are relatively most 
positive and most negative to each other are points on the equator 
and the two centres of the transverse sections ; and the intensity of 
the current between any two points will depend on the respective 
distanceg of those points from the equator and from the centre of 
the transverse section. 

Similar currents may be observed when the longitudinal surface 
is not the natural but an artificial one; indeed ihey may be wit- 
nessed in even a piece of muscle provided it be of cylindrical shape 
and composed of parallel fibres. 

These ' muscle-currents ' are not mere transitory currents dis- 
appearing as soon as the circuit is closed ; on the contrary, they 
last a very considerable time. They must, therefore, be maintained 
by Borne changes going on in the muscle, by continued chemical 
action in fact. They disappear as the irritability of the muscle 
vanishes, and are connected with those nutritive, so-called vital 
changes which maintain the irritability of the muscle. 

Muscle-currents, such as have just been described, may, we re- 
peat, be observed in any cyliudrical muscle suitably prepared, and 
similar currents, with variations which need not be discussed here, 
may be seen in muscles of irregular shape with obliquely or other- 
wise arranged fibres. And Du Bois-Reymond, to whom chiefly we 
are indebted for our knowledge of these currents, has been led to 
regard them as essential and important properties of living muscle. 
He has moreover advanced the theory that muscle may be con- 
sidered as composed of electro-motive particles or molecules, each 
of which, like the muscle at lai^e, has a positive equator and nega- 
tive ends, the whole muscle being made up of these molecules in 
somewhat the same way (to use an illustration which must not. 
however, be strained or considered as an exact one) as a magnet 
may be supposed to be made up of magnetic particles, each with 
its north and south pole. 

There are reasons, however, for thinking that these muscle- 
currents have no such fundamental origin, that they are in fact of 
surface and indeed of artificial origin. Without entering into the 
controversy on this question, the following important facts maybe 
mentioned : — 

1 When a muscle is examined while it still retains uninjured 
its natural tendinous terminations, the currents are much weaker 
than when artificial transverse sections have been made ; the 
natural tendinous end is less negative than the cut surface. But 
the tendinous end becomes at once negative when it is dipped 
in water or acid, indeed, when it is in any way injured. The 
I roughly, in fact, a muscle is treated the less evident are the 
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muacle-ourrents ; and it is maititained tLat if adequat« care be 

taken to maintain a muscle in an absolutely natural condition, no 

, ftuch currents as tliose we have been describing exist at all, that 

1 nat^rfr l living inu scli' is isoijrctfis, as it is called. '1 '"-^ i^nt*-''^ 

' 2. The surface of the uninjured inactive ' ventricle of the frig's 

i heart, which is practically a mass of muscle, is isoelectric, no current 
is obtaiued when the electrodes are placed on any two points of the 
surface. If, however, any part of the surface be injured, or if the 
ventricle becutacrosssoas to expose a cut surface, the injured s\mt 
or the cut surface becomes at once powerfully negative towards 
the uninjured surface, a strong current being developed which passes 
through the galvanometer from the uninjured surface to tlie cut 
surface or to the injured spot. The negativity thus developed in 
a cut surface passes off in the course of some hours, but may be 
restored by making a fresh cut and expasing a fresh surface. 

The temporary duration of the negativity after injury, and its 
renewal uiK)n fresh injury, in the case of the ventricle, in contrast 
to the more permanent negativity of injured skeletal muscle, is 
explained by the different structure of the two kinds of muscle 
The cardiac muBcle, as we shall hereafter see, is composed of short 
fibre-cells; when a cut is made a certain number of these tibre- 
cells are injured, giving rise to negativity, but the injury done to 
them stops with them, and is not propagated to the cells with 
which they are in contact ; hence, upon their death the negativity 
and the current disappear. A fresh cut involving new cells, pro- 
duces fresh negativity and a new current. In the long fibres of 
the skeletal muscle, on the other hand, the effects of Uic injury 
are slowly propagated along the fibre from the spot injured. 

Now, when a muscle is cut or injured, the substance of the 
fibres dies at the cut or injured surface. And many physioli^ist^, 
among whom the most prominent is Hermann, have been led. by 
the above and other facts, to the conclusion that muscle-currents 
do not exist naturally in untouched, uninjured muscles, that the 
mus cular aub stance is naturally, when living, isoelect ric, but that 
wKenevcr a portion of the muscular substance dies, it becomes 
while dymj iiega tive to the living siilislaiice^and thus gives ri se 
to cuFFents! They expTain i\w typical currents (as tliey might be 
called) manifested by a muscle with a natural longitudinal surface 
and artificial transverse sections, by the fact that the dying cut 
ends are negative relatively to the rest of the muscle. 

Du Bois-Keymond and those with him offer special explanations 
of the above facts and of other objections which have been urged 
against the theory of naturally existing electro- motive molecules. 
Into these we cannot enter here. We must rest content with the 
statement that in an ordinary muscle currents, such as have been 
described, may be witnessed, but that strong arguments may be 

' The nei^eMity uf iU heing inactive will lie wen snb«eqnen(lj. 
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will be a current through the galvanomoter from the former to 
the latter ; there will be a current of similar direction but of less 
intensity when one electrode is at the circumference g of the trans- 
verse section, and the other at some point A nearer the centre of the 
transverse section. In fact, the points which are relatively most 
positive and most negative to each other are points on the equator 
and the two centres of the transverse sections ; and the intensity of 
the current between any two points will depend on the respective 
distances of those points from the equator and from the centre of 
the transverse section. 

Similar currents may be observed when the longitudinal surface 
is not the natural but an artiticial one ; indeed they may be wit- 
nessed in even a piece of muscle provided it be of cylindrical shape 
and composed of parallel fibres. 

These " muscle-currents ' are not mere transitory currents dis- 
appearing as soon as the circuit is closed ; on the contrary, they 
last a very considerable time. They must, therefore, be maintained 
by some changes going on in the muscle, by continued chemical 
action in fact. They disappear as the irritability of the muscle 
vanishes, and are connected with those nutritive, so-called vital 
changes which maintain the irritability of the muscle. 

Muscle-currents, such as have just been described, may, we re- 
peat, be observed in any cylindrical muscle suitably prepared, and 
similar currents, with variations which need not be discussed here, 
may be seen in muscles of irregular shape with obliquely or other- 
wise arranged fibres. And Du Bois- Raymond, to whom chiefly we 
sre indebted for our knowledge of these currents, has been led to 
regard them as essential and important properties of living muscle. 
He has moreover advanced the theory that muscle may be con- 
sidered as composed of electro-motive particles or molecules, each 
of which, like the muscle at large, has a positive equator and n^a- 
tive ends, the whole muscle being made up of these molecules in 
somewhat the same way (to use an illustration which must not, 
however, be strained or considered as an exact one) as a magnet 
[ may be supposed to be made up of magnetic particles, each with 
' its north and south pole. 

There are reasons, however, for thinking that these muscle- 
\ currents have no such fundamental origin, that they are in fact of 
. surface and indeed of artificial origin. Without entering into the 
I controversy on this question, the following imj>ortant facts may be 
1 mentioned : — 

1 When a muscle is examined while it still retains uninjured 

[ its natural tendinous terminations, the currents are much weaker 

[ than when artificial transverse sections have been made ; the 

\ natanil tendinous end is less negative thnn the cut surface. But 

tbe tendinous end becomes at once negative when it is dip{>ed 

in water or acid, indeed, when it is in any way injured. The 

less roughly, iu fact, a muscle is treated the less evident are the 
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, ^ the cause of a spasm in the muscle of B; and the stimuli following 
/ ^ j each other rapidly, as being produced by the tetanus of A, they 
,} 'v' y^J must du, the spasms in B to which they give rise are also fused into 
K (X*^^) a tetanus iu B, B, in fact, contracts in harmony with A. This 
T V-nJ .;^ experiment shews that the negative variation accompanyiug the 
H '^ * O tetanus of a muscle, though it causes only a single swing of the 
I *J i " ^ galvanometer, is really made up of a series of negative variations, 
\.'*\^'r *i each single negative variation corresponding to the single spasms 
. \^vl J\ of which the tetanus is made up. 
N, ^ .1 "^tf But an electrical change may be manifested even in cases when 

I* f ^ no currents of rest exist We have stated (§ 66) that the surface 
J I J\ of the uninjured inactive ventricle of the frog's heart is isoelectric, 
' \^j ,^' no currents being observed when the electrodes of a galvanometer 
< Tc /j are placed on two points of the surface. Nevertheless, a most 
P.B distinct current is developed whenever the ventricle contracts. 
j^^J • f. This may be shewn either by the galvanometer or by the rheo- 
l[ -* I scopic frog. If the nerve of an irritable muscle-nerve preparation 
> i ^ ^^ °^^'' ^ pu's^ting ventricle, each beat is responded to by a 

J ■W^Sb twitch of the muscle of the preparation. In the case of ordinary 
i ^.^ muscles, too, instances occur in which it seems impossible to regard 
» • ( a 2 the electrical change manifested during the contraction as the 
I ■ mere diminution of a preexisting cnrrent. 

J \ a J Accordingly those who deny the existence of ' natural " muscle- 

S ? Ir* currents speak of a muscle as developing during a contraction a 
A fiv"? 'current of action,' occasioned as they believe by the muscular aub- 
fj . ^ stance as it is entering into the state of contraction, becoming 
i "^ C i negative towards the muscular substance which is still at rest, or 
"VV t< has returned to a state of rest. In fact, they regard the negativity 
fc, *;5 J of muscular substance as characteristic alike of beginning dealii 
r^^r and of a beginning contraction. So that in a muscular contraction 
J'*J*i I a wave of negativity, starting from the end-plate when indirect, or 
4 ^^^^ *___, from the point stimulated when direct stimulation is used, passes 
^"■[^ along the muscular substance to the ends or end of the fibre. 
I c If, for instance, we suppose two electrodes placed on two points 

{Fig. 21), A and B, of a fibre about 
to be stimulated by a single induc- 
tion-shock at one end. Ilefore the 
stimulation. the fibre is isoelectric, 
and the needle of the galvanometer 
stands at zero. At a certain time 
after the shock has been sent 
through the stimulating electrodes 
(,c}, as the wave of contraction is 
travelling down the fibre, the sec- 
tion of the fibre beneath A will 
become negative towards the rest 
of the fibre, and so negative towards 
the portion of the fibre under B. 
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i.e. A will be negative relatively to B, and this will be shewn by 
s deflection of the needle. A little later, Ji will be entering into 
contraction, and will be becoming negative towards the rest of the 
fibre, including the part under A, whose negativity by this time 
is jiassing off ; that is to say, B will now be negative towards A, 
and this will be shewn by a deflection of the needle in a direction 
opposite to that of the deflection which has just previously taken 
place. H ence, betwe en J^wo_ electrodes placed along a fibre, ii.siagle 
waye.of conttflctioo will fiive rise to two currents of different 
pha ggH , tf O a diphasic change ; and this, indeed, is found to be 
tEecase. 

This being so, it is obvious that the electrical result of tetanizing 
a muscle when wave after wave follows along each fibre, is a com- 
plex matter ; but it is maintained that the apparent negative 
variation of tetanus can be explained as the net result of a series of 
currents of action, due to the individual contractions, the second 
phase of the current in each contraction being less marked than 
the first phase. We cannot, however, enter more fully here into a 
discussion of this difficult subject 

When we study, as we may do with the help of appropriate L 
apparatus, the rapidity with which the electrical change accompany- ( 
ing a muscular contraction travels, we find it to be the same as j 
that of the contraction wave itself. The older observations seemed i 
to shew that the electrical change fell entirely within the latent 
period, and might, therefore, be regarded as an outward token of 
invisible molecular processes, occupying the latent period, and 
sweeping along the muscular fibre ahead of and preparing fur the 
visible change of form. And, indeed, since we are led to regard 
the change of form as the result of chemical processes taking place 
in the muscular substance, wc must suppose that the change of 
form is preceded by molecular chemical changes. Hut, as we have 
said, a latent period of measurable length does not appear to be 
Jin essential feature of a muscular contraction ; we may. under 
certain circumstances, fail to detect a latent period. And some 
recent observations seem to shew that the electrical change and 
the change of form may begin at the same time. Indeed, some 
have maintained that the former is the result of the latter, and 
not, as suggested above, of the forerunning molecular events. The 
question however is one which cannot at present be regarded as 
settled. 
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§ 88. The change in the form of a muscle during its contrac- 
tion is a thing which can be seen and felt ; but the changes in a 
nerve during its activity are invisible and impalpable. We stimu- 
late one end of a nerve going to a muscle, and wc see this followed 
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by a contraction of the muscle attached to the other end ; or Wf 
stimulate a nerve still connected with the central nervous system, 
and we see this followed by certain movements, or by other tokens 
which shew that disturbances have been set up in the central 
nervous system. We know, therefore, that som e changes or_other. 
constituting what wc have" called a nervous impulse, have been 
propagaleBa] ong ~l h e ji^vj;.; but the changes are such as we 
canuofr~see. it is possible, however, to learn something about 
them. 

Structure of a Nerve. An ordinary nerve going to a muscle is 
composed of elementary nerve fibres, analogous to the elementary 
muscle fibres, running lengthwise along the nerve, and bound up 
together by connective tissues carrying blood vessels and lym- 
phatics. Each fibre is a long rod or cylinder, varying in diameter 
from less than 2/* to 20;i or even more, and the several fibres are 
arranged by the connective tissue into bundles or cords running 
along the length of the nerve. A large nerve, such as the sciatic, 
contains many cords'of various sizes ; in such a case the connective 
tissue between the fibres in each cord is more delicate than that 
which binds the cords together; each cord has a more or less 
distinct sheath of connective tissue, and a similar but stouter 
sheath protects the whole nerve. In smaller nerves the cords 
are less in number, and a very small nerve may consist, so to 
speak, of one cord only ; that is to say, it has one sheath for the 
whole nerve and fine connective tissue binding together all the 
fibres within the sheath. When a larg e nerve divides or sends 
off branches, one or more cords leave the trunk to form the branch ; 
wHan nen'es are joinecTto form a plexus, one or inore eordsTeavIng 
one nerve join another nerve; it is, as a rule, only when a very 
small nerve is dividing near its end into delicate twigs, that 
division or branching of the nerve is effected or assisted by division 
of the nerve fibres themselves. 

Nearly all the nerve fibres composing an ordinary nerve, such 
as that going to a muscle, though varying very much in thickness, 
have the same features, which are as follows. Seen under the 
microscope in a perfectly fresh condition, without the use of any 
reagents, each fibre appears as a transparent but somewhat re- 
fractive, and therefore bright-looking, rod, with a sharply defined 
outline, which i.? characteristically double ; that is to say, the sharp 
line which marks the outside of the fibre is on each side of the 
fibre accompanied by a second line parallel to itself, and following 
such gentle curves as it shews, but rather nearer the axis of the 
fibre. This is spoken of as the double contour, and is naturally 
more conspicuous and more easily seen in the thicker than in the 
thinner fibres. The substance of the fibre between the two inner 
contour lines appears, in the perfectly fresh fibre, homogeneous. 
If the fibre be traced along its course for some little distance, there 
will be seen at intervals an appearance as if the fibre had been 
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strangled by a ligature tied tigbtly round it; its transverse 
diameti.'r is suddenly narrowed, and the double cuntour lost, the 
fibre above and below being united by a narrow, short isthmue 
only, Tliia is called a nofj c, a node of Kanvier, and upon exami- 
nation TT will be found that eatih fibre is marked regularly along its 
length by nodes at intervals of about a millimeter. If the fibre be 
examined with further care, there will be seen, or may be seen, 
about midway between every two nodes, an gy al _ njicle ns lying 
embedded, as it were, in the outline of t£e^ fibre, with its long 
axis parallel, or nearly so, to the axis of the fibre. 

If some of the tibres be torn across, it may sometimes be seen 
that at the torn end of a fibre, though the double contour ceaaes, 
the outline of the fibre is continued as a delicate, transparent, 
membranous tubular sheath; this is t\i e primm ]^_. sktath, or ^ 
neuriUriima .' Lying in the axis of this sheath, and .sometimes 
projecting for some distance from tlie torn end of a fibre, whether 
the sheath be displayed or no, may, in some cases, be seen h dim 
or very faintly granular band, or thread, about one-tliird or half 
the diameter of the fibre. This is the axif^ct/liiider , it becomes lost 
to view as we trace it back to where the fibre assumes a double 
contour. This axis-cylinder stains readily with ordinary staining 
reagents, and being iu this and in other respects allied in nature to 
the cell-substance of a leucocyte or to the muscle-substance of & 
muscular fibre, has often been spoken of as protoplasmic. 

Lying about the torn ends of the fibres may be seen drops, or 
minute irregular masses, remarkable for exhibiting a double 
contour like that of the nerve fibre itself ; and, indeed, drops of 
this double contoured substance may be seen issuing from the torn 
ends of the fibres. Treated with osmic acid, these drops and 
mosses are stained black ; they act as powerful reducing reagents, 
And the reduced osmium gives the black colour. Treated with 
ether or other solvents of fat they, moreover, more or leas readily 
dissolve. Obviously they are largely composed of fat. and we shall 
see that the fat composing them is of a very complex nature. Now, 
a nerve fibre, shewing a double contour, stains black with osmic 
acid; but the staining is absent or very slight where the double 
contour ceases, as at a torn end or at the nodes of llanvier ; the axis- 
cylinder stains very slightly indeed with osmic acid and the sheath 
Iwrdly at alL So, ako. when a transverse section is made through 
a nerve, or a nerve cord, each fibre appears in section as a dark, 
black ring, surrounding a much more faintly stained central area. 
Further, when a double contoured nerve fibre is treated with ether, 
or other solvents of fat, the double contour vanishes, and the 
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whole fibre becomes more transparent ; and if such a fibre, eithei 
before or after the treatment with ether, be stained with carmine 
or other dye, the itxis-cylinder will be seen as a stained band 
or thread lying in the axis nf a tubular space, defined by the 
neurilemma, which stains only slightly except at and aronnd the 
nuclei, which, as we have seen, are embedded in it at intervals, 
In the entire fibre the tubular space between the axis-cylinder 
and the sheath is tilled with a fatty material, the wt f/w/JH, which 
from its fatty nature has such a reiractiVB~pbwer as to exhibit a 
double contour when seen with transmitted light, on which 
account the fibre itself has a double contour. It is this refractive 
power of the medulla which gives to a nerve fibre, and still more 
so to a bundle of nerve fibres or to a whole nerve, a characteristic 
opaijue, while colour when viewed by reflected light. 

As we shall see, all nerve fibres do not possess a medulla, and 
hence such a libre as we are describing is called a mcdvUaUd 
fibre. 

A typical medullated fibre consists, then, of the following parts. 

1. Tlie aHa-cylindtT, a central cylindrical core of so called 
' protoplasmic ' material, delicate in nature and readily undergoing 
change, sometimes swelling out, sometimes shrinking, and hence 
in various si)ecimenB appearing now as a thick band, now as a thin 
streak in the axis of the tubular sheath, and giving in cross section 
sometimes a circular, sometimes an oval, and not unfrequently a 
quite irregular outline. Probably in a perfectly natural condition 
it occupies about one-half the diameter of the ner%'e, but even its 
natural size varies in different nen'e fibres. When seen quite 
fresh, it has simply a dim, cloudy or at most a faintly granular 
appearance; under the influence of reagente it is apt te become 
fibrillated longitudinally, and has been supposed to be in reality 
composed of a numl(er of delicate, longitudinal fibrilloe united by 
an interttbrillar substance, but this is not certain. It ]a further 
said to be protected on its outside by a transparent sheath, the 
axis-cylinder shi-nth. but this also is disjiuted. 

Theflsiargylindi^pnsses^unbnjken throu gh succ essive nodes of 
Banvier, the constriction of llie node jiot^flectmg it olHerwise 
thnn~perhjips to narrow it. Xnw, the fibres of a spinal nerve 
(omitltng~f<ir the present the fibres coming from the sympnthetic 
nerve.f) may l>e traced back either to the spinal ganglion on the 
posterior root, or along the anterior root to the anterior coraua 
of the spinal cord ; and, as we shall see. the axis-cylinders of the 
fibres are. in both cases, prolongations of processes of nerve cells, 
in the former case of cells of the ganglion, in the latter case of 
cells of the anterior comua. In each case a process of a cell 
becoming the axis-cylinder of a nerve fibre runs an unbroken 
course, passes as a continuous band of peculiar living matter, 
through node after node right down to the termination of the fibre 
in the tissue in which the fibre ends ; the only obvious change which 



Iz 



Chap, ii.] THE CONTRACTILE TISSUES. 119 

it undergoes is that, in many if not all cases, it divides near its 
temuQatioD in the tisane, and in some cases the divisions are 
numerous, and join or anastomose freely. Obviously the axia- 
cylindor is the essential part of the nerve fibre, 

2. The primitive slieuth or luuriUmma, a tubular sheath of 
transparent, apparently homogeneous, material, not unlike that of 
a sarcolemma in nature. At each node the neurilemma is con- 
stricted so as to embrace the axis-cylinder closely, but is at the 
same time thickeued by some kind of cement material. Slaiuing 
reagents, especially silver nitrate, appear to enter the nerve fibre 
from without more readily at a node than elsewhere, staining 
the fibre most at the node, and creeping upwards and downwards 
from the node along the axis-cylinder; hence it has been supposed 
that the nutritive fluid, the lymph, enters into the fibre and so 
gets access to the axis-cyliader more readily at the nodes than else- 
where. About midway between every two nodes is placed a long 
oval nucleus, on the inside of the neurilemma, pushing the 
medulla, as it were, inwards, and so lying in a shallow bay 
of that substance. Immediately surrounding the nucleus is a 
thin layer of granular substance, of the kind which we have sjioken 
of as undifferentiated protoplasm ; in young, newly formed fibres at 
nil events, and possibly in all fibres, a very thin layer of this same 
substance is continued all over the segment between the nodes, on 
the inner surface of the neurilemma between it and the medulla. 

3. The medulla. This is a hollow cylinder of fatty material 
of a peculiar nature, filling all the space between the neurilemma 
on the outside and the axis-cylinder within, and suddenly ceasing 
at each node. It thus forma a close-fittiug hollow jacket for the 
axis-cylinder between every two nodes. The fatty material is 
tiuid, at least at the temperature of the body, but appears to b^ 
held injtsplaTO as it jyere_by a networ k of a substance cfilled 
netirqkeraimr&ili^d to the substance keratin.. wTiich is Ihe basis of 
the horny scales of the epidermis and of other horny structures ; 
this network is most marked towards the outside of the medulla. 

So long as the nerve is in a fresh, living, perfectly normal 
condition, the medulla appears smooth and continuous, shewing no 
marks beyond the double contour ; but in nerves removed from ' 
the body for examination (and according to some observers, at 
times in nerves still within the body) clefts make their appearance 
in the medulla running obliquely inwards from the neurilemma to 
the axis-cylinder, and frequently splitting up the medulla in such 
a way that it appears to be composed of a number of hollow conea, 
partially slid one over the other along the axis-cylinder. These 
clefts a re s p oken of ns indentations. At a later stage of alteration 
the mecTullaTnayTIvKre into a number of small, irregular masses 
iparated by fluid ; and since each small piece thus separated has 
double contour, like a drop of medulla exuded from the end of 
a fibre, the whole fibre has an irregular. ' curdy ' appearance. 
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Tlie essential part, then, of a medullated oerve fibre (of a spinal 
nerve) is_tlie axia-c yTInd er, wUicliJ&Itti i'ny p prolon p; fttiQn of a 
process from_a nerve cell in a spinal j-R nglioti or in the spin al 
cord,_^running an unbroken course through node alter node, never 
in" Its course, aa far as we know, joining another axis-cyliuder, 
and very rarely dividing until it approaches its end, where it 
may divide freely, the divisions in some cases anastomosing freely. 
We may conclude, and all we know supports the conclusion that 
the changes, making up what we have called a nervous impulse, 
take place, primarily and chiefly at all events, in this essential 
part of the nerve fibre, the axis-cylinder. The neurilemma and 
medulla to gether form a wrapping for the nourish ment and protec - 
tion of the"a xi3-cySnJer, theTattyjneduHa pj otiabl j ; , se rving partTv 
as prep ared food-Jar the axis-cylinder, pa r tly as a pi ech ;» n i cal 
support; possibly it may also play a part as an insulator in the 
etectricphenoinena. 

It is easy, moreover, to see that while the axis-cylinder along 
its whole length is practically (whatever be the exact manner of 
its formation in the embryo) a part of the cell of which it is an 
elongated process, each segment between every two nodes repre* 
sents a cell wrapping round the axis-cylinder process, of which 
cell the nucleus between the nodes is the nucleus, the neurilemma 
the envelope or cell wall, and (though this is perhaps not quite so 
clear) the medulla the cell-substance largely converted into fatty 
material, a. cell in fact which is really outside the axis-cylinder or 
nerve fibre proper. It is along the axis-cyhnder that the nervous 
impulses sweep, and each wrapping cell only serves to nourish and 
protect the segment of the axis-cylinder between its two nodes. 
And we accordingly find that both at the beginning of the nerve 
fibre in the ganglion cell or spinal cord, and at its end in the 
tissue, both neurilemma and medulla disappear, the axis-cylinder 
only being left. 

A nerve going to a muscle is chiefly composed of medullated 
fibres, as just described, the majority of which, ending in end- 
plates in the muscular fibres, are the fibres which conduct the 
nervous impulses to the muscle, causing it to contract, and may 
hence be spoken of as motor nerve fibres. Some of the fibres, 
however, end in other parts, such as the tendon, or the connective 
tissue between the bundles, and some in the blood vessels. 
There are reasons for thinking that some of these convey impulses 
from the muscle to the central nervous system, and are conse- 
quently spoken of as sensory or afferent fibres , concerning those 
connected with the blood vessels we shall speak in dealing with 
the vascular system. 

§69. Nerve-endings in striated muscular fibres. A nerve on 
entering a muscledividesintoanumberof branches which, running 
in the connective tissue of the muscle, form a plexus round the 
bundles of muscle fibres, the smaller branches forming a plexus 
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ruuud the muBcle fibres themselves. From this plexus are given 
off a number of nerve fibres, running singly, each of which, joining 
a muscle fibre, ends in an end-plate. In forming these plexusea 
the individual nerve fibres divide repeatedly, the division always 
taking place at n node of Hanvier ; so that what is a single nerve 
fibre as the nerve enters the muscle may give rise to several nerve 
fibres ending in several muscle fibres. The nerve fibre joins the 
muscle fibre at about its middle, or somewhat nearer one end, and 
occasionally two nerve fibres may join one muscle fibre and form 
two eud-plates. The general distribution of the bundles of nerve 
fibres and single nerve fibres is such that some portion of the 
muscle is left free from norvc fibres ; thus at the lower and at the 
upper end of the sartorius of the frog there is a portion of muscle 
quite free from nerve fibres. 

A s ingle nerve fib re, running by itaelf. has outside the neuri- 
lemma an ad ditional delicate sheath of fine, connective tissue 
^nown as hades ^^TJTffiTwIiic^ appears to be a continuation of the 
amiiective^issue forming the sheath of the nerve branch from 
wbli^h the fibre sprang, or uniting the fibres together in the 
branch. 

Tiie actual ending of the nerve fibre in the muscle fibre differs 
in different classes of animals. 

In mammals and some other animals the single nerve fibre 
joins the muscle fibre in a swelling or projection having a more or 
less oval base, and appearing, when seen sideways, as a low, conical, 
or rounded eminence. At the summit of this eminence the nerve 
fibre loses both its sh eath of Hon le and its neurilemma, one or 
other or both (for on this point observer do nota^de^T)e< 
continuo us with_ the sarc olemma of the muscle Jijire, ~~ 
summit of tlie eminence, where the sbeatha fuse, the fibre, now 
consisting only of axis-cylinder and medulla, Loses its medulla 
abruptly (in the muscles of the tongue the nerve fibre in many 
cases loses its medulla at some considerable distance before it 
joins the muscle fibre to form the end-plat«), whil^th&.asis^ 
cylinder branches out in all directions, the somewhat varicose 
branches, wbicli sometimes anastomose, forming a low, conical mass, 
which, when viewed from above, has an arborescent or labyrinlhine 
apiiearance. On the branches of this arborescence may lie one 
or more somewhat granular oval nuclei The arborescence itself 
has, like the axis-cylinder of which it is a development, a very 
faintly granular or cloudy appearance, but lying between it and 
the actual muscle substance is a disc or bed of somewhat coarsely 
granular material, called t/ie sole of the end-plate, on which the 
ramifiL-d arborescent axis-cylinder rests, more or less overlapping 
it at the edge, but with which it appears not to be actually 
continuous. Lying in the midst of th^ ' sole ' are a number of 
clear, oval, transparent nuclei. 

'^eeud-plate then beneath the aarcolemma congafeof^ two 
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parta. the ramified axi3-cyI iiiHBi^W|HBMi BnlaT naclt;ated sole, 
the two apparently, thougli in Juztaposition, not being cominitous! 
According to some observers, the sole is continuous with, and, indeed, 
is a specialized part of that substance pervading the whole muscu- 
lar fibre, which we spoke of as interfibrillar substance. We 
cannot enter here into a discussion of the probable meaning 
and use of these structures, or bow they effect what seems 
obviously their function, the trausformatinn of the changes con- 
stituting a nervous impulse into the changes which constitute 
a muscle contraction. It is of interest to observe that certain 
analogies may be drawn between an end-plate and the histological 
elements of the so-called electrical organs of certain animals. 
The element of the electric organ of the torpedo, for instance, 
may be regarded as a muscle fibre in which the nerve ending has 
become highly developed, while the muscle substance has been 
arrested in its development and has not become striated. 

In amphibia (e.g. in frogs), the ending of a nerve fibre in a 
muscle fibre w somewhat different. A nerve fibre about to end in 
a muscle fibre divides into a brush of several nerve fibres, each of 
which, losing its sheath of Henle and neurilemma, enters the same 
muscle fibre, and then, losing its medulla, runs longitudiually along 
the fibre for some distance, it and its branches dividing several 
times in a chamcteristically forked manner, and bearing at 
intervals oval nuclei. In other animals, forms of nerve ending 
are met with more or less intermediate between that seen in the 
mammal and that seen in the frog. 

§ 70. Besides the medullated nerve fibres described in § 68, 
there are, in most nerves going to muscles, a few and in some 
nerves, going to other parts, a large number of nerve fibres which 
do not possess a medulla, and hence are called nnn-^meduWUtd 
fibres ; these are especially abundant in the so-called sympathetic 
nerves. 

A n on -medulla ted fibre which, like a medullated fibre, may 
have any diameter from 2/i or less to 20^ or more, is practically a 
naked axis-cylinder, not covered with medulla, but bearing ou its 
outside at intervals oval nuclei disposed longitudinally. These 
nuclei appear wholly analogous to the nuclei of the neurilemma of 
a medullated fibre, and probably belong to a sheath enclosing each 
fibre, though it is not easy to demonstrate the independent exist- 
ence of such a sheath in the case of most non-medullated fibres. 
In the similar fibres, constituting the olfactory nerve, a sheath is 
quite conspicuous. Unlike the medullated fibres these non-medul- 
lated divide and also join freely ; like them each may be regarded 
as a process of a nerve cell. 

Of such non-medullated fibres, a scanty number are found in 
nerves going to muscles scattered among the medullated fibres, 
and bound up with them by connective tissue. They appear to 
have no connection with the muscular fibres, but to be distributed 
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chiefly to the blood vessels ; and the function of non-medullated 
fibres had better be considered in connection with nerves of which 
they form a large part, such as certain nerves going to blood 
vessels and to secreting organs. But it may be stated that, though 
they possess no medulla, they are capable of propagating nervous 
impulses in the same way as meduUated nerves; and this fact 
may he taken as indicating that the medulla cannot serve any 
very important function as an electric insulator. 

§ 71. The chtmistry of a nerve. We have spoken of the 
medulla as fatty, and yet it is in reality very largely composed of 
a substance which is not (in the strict sense of the word) a fat. 
When we examine chemically a quantity of nerve (or, what is 
practically the same thing, a quantity of that part of the central 
nervous system which is called white matter, and which, as we shall 
see, is chiefly composed, like a nerve, of medullated nerves, and 
is to be preferred for chemical examination because it contains a 
relatively small quantity of connective tissue), we find that a very 
large proportion, accortU pi; to jjgipft nj ^afirveri^ about half, oL the 
d ried matter consiatg a t -the pe culiar body cholesierin. Now, 
cm>resterin is not a fat, but an alcohol; Hke glycerine, however, 
which is also an alcohol, it forms compounds with fatty acids ; 
and though we do not know definitely the chemical condition 
in which cholesterin exists during life in the medulla, it is more 
than probable that it exists in some combination with some of 
the really fatty bodies also present in the medulla, and not in a 
free, isolated state. It is singular that besides being present in 
Buch lai^e quantities in nervous tissue, and to a small extent ^ 
in other tissues and in blood, c hole steria is a normal constituent 
of bile, and fo rms the greater jart of "all stone s, when these are 
present ; in gall stones it is umToubtedly present in a free state. ■ 
Resides cholesterin, 'white ' nervous matter contains a less but , 
still considerable quantity of a complex fat, whose nature ia 1 
disputed. According to some authorities.^rfither less than half . 
this complex fat consists of the peculiar bo ay Ircilhi n, which we 
have afready seen^ to bejresent also in blood corpuscles and in ""^ 
muscle. Lecithin contains the radicle of stearic acid (or of oleic, 
or of palmitic acid) associated not, as in ordinary fats, with simple ^ 
glycerin, but with the more complex glycerin -phosphoric acid, 
and further combined with a nitrogenous body, nturin. an am- 
monia compound of some considerable complexity ; it is. therefore, 
«f remarkable nature, since, though a fat, it contains both nitrogen 
and phosphorus. According to the same authorities, the remainder 
of the complex fai consists of another fatty body, also apparently 
containing nitrogen but no phosphorus, called rcrelirin. Other 
authorities regard both these bodies, lecithin and cerebrin. aa 
products of decomposition of a still more complex fat, called 
protagon. Obviously the fat of the white matter of the central 
neiTous system and of spinal nerves (of which fat by far the 
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greater part must exist in the medulla, and form nearly the whole 
of the medulla) is a very complex hody iudeed, especially so if the 
chulesteriii exists in combination with the lecithin, or cerebrin (or 
protagon). ISeiog so cumplex, it is naturally very unstable, and, in- 
deed, in ita iuatabihty resembles proteid matter. Hence, probably 
the reason why the medulla changes so rapidly and so profoundly 
after the death of the nerve. It seems, moreover, that a certain 
though small quantity of proteid matter forms part of the medulla, 
and it is possible that this exists in some kind of combination with 
the complex fat ; but our knowledge on this point is imperfect 

The presence in such large quantity of this complex fatty 
medulla renders the chemical examination of the other consti- 
tuents of a nerve very difficult, and our knowledge of the chemical 
nature of, and of the chemical changes going on in the axis-cylinder, 
is very limited. Examined under the microscope the axis-cylinder 
gives the xanthoproteic reaction and other indications that it is 
proteid in nature ; beyond this we are largely confined to inferences. 
We infer that its chemical nature is in a general way similar to that 
of the cell -substance of the nerve cell of which it is a process. We 
infer that the chemical nature of the cell-substance of a nerve 
cell, being of the kind which is frequently called ' protoplasmic,' 
is, in a general way, similar to that of other ' protoplasmic ' cells, 
for instance of a leucocyte. Now. where we can examine con- 
veniently such cells we find, as we iiave said, § 30, the proteid 
basis of the kind of cell-substance which is frequently spoken of 
as ' un differentiated protoplasm,' though it has certain special 
features, resembles, in a broad way, the proteid basis of that ' dif- 
ferentiated protoplasm,' which we have called mnscle substance. 
Hence, we infer that in their broad chemical features the axis- 
cylinder of a nerve fibre and the cell-body of a nerve cell resemble 
the substance of a muscle fibre ; and this view is supported by the 
fact that both kreatin and lactic acid are present as ■ extractives.' 
certainly in the central nervous system, and probably in nerves. 
The resemblance is, of course, only a general one ; there must be 
differences iu chemical nature between the axis-cylinder which 
propagates a nervous impulse without change of outward form 
and the muscle fibre which contracts ; but we cannot at present 
state exactly what these differences really are. 

After the fats of the medulla (and the much smaller quantity of 
fat presented in the axis-cyhnder), the proteids of the axis-cylinder, 
and the other soluble substances present in one or the other, or 
gathered round the nuclei of the neurilemma, have by various 
means been dissolved out of a nerve fibre, certain substances still 
remain. One of these in small quantity is the nu clei n of tlie 
nuclei : another in larger quantity is the substance neurokeratin 
which forms, as we have seen, a supporting frameworK^for tEe" 
medulla, and whose most marked characteristic is perhaps its 
! to solution. 
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In the ash of nerves there is a preponderance of potassinm, 
salts and phosphates, but not so marked as in the case of muscle. 

§ 72. yVie jurvous impulse. The chemical analogy between 
the substance of the muscle and that of the axia-cylinder would 
naturally lead us to suppose that the prioress of a nervous impulse 
along a nerve fibre was accompanied by chemical changes similar 
to those taking place in a muscle fibre. Whatever changes, how- 
ever, do or may take place, are too slight to be recognized by the 
means at our disposal. We have no satisfactory evidence that in 
a. nerve even repented nervous impulses can give rise to an acid 
reaction, or that the death of a nerve fibre leads to such a reaction. 
The grey matter of the central nervous system, it is true, is said to 
be faintly alkaline during life, and to become acid after death; 
but in this grey matter nerve cells are relatively abundant; the 
white malUjr, composed chiefly of nerve fibres, is and remains, 
during action as well as rest, and even after death, neutral or 
slightly alkaline. 

Nor have we satisfactory evidence that the progress of a f 
nervous impulse is accompanied by any setting free of energy in 
the form of heat. 

In fact, beyond the terminal results, such as a muscular con- 
traction iu the case of a nerve going to a muscle, or some affection 
of the central nervous system in the case of a nerve still in connec- 
tion with its nervous centre, there is one event and one event only 
which we are able to recognize as the objective token of a ner\'iiuB 
impulse, and that is an electric change. For a piece of nerve 
removed from the body exhibits nearly the same electric pheno- 
mena as a pi ece of mus cle^ Tt has an equator which is electrically 
positixe_j'eIat^ly^lthe _tw<7 cut ends. Tn fact, the diagram. 
Fig, 20, anrihe description which was given in § 66 of the electric 
changes in muscle, may be applied almost as well to a nerve, 
except that the currents are in all cases much more feeble in the 
case of nerves than of muscles, and the special currents from the 
circumference to the centre of the transverse sections cannot well be 
shewn in a slender nerve ; indeed, it is doubtful if they exist at all 

During the passage of a nervous impulse, the 'natural nerve ^ 
current' undergoes a negative variation, just as the 'natural 
muscle current " undergoes a negative variation during a con- 
traction. There are. moreover, reasons in the case of the nerve, as 
in the case of the muscle, which lead us t« doubt the pre-existence 
of any such ' natural ' currents. A nerve in an absolut*:ly natural 
condition appears to be. like a muscle, isoelectric ; hence we may 
any that in a nerve during the passage of a nervous impulse, as in 
a muscle during a muscular contraction, a 'current of action' 
developed. 

~' ' current of action.' or ' negative variation,' may be shewn 
either by the galvanometer or by the rheoscopic frog. If thfl nervB 
of the 'muscle nerve preparation' B(aee §67), b« placed in an 
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appropriate manner on a thorniighly irritable nerve A (to which of 
course no muscle need be attached), tomihing for instance the 
equator and one end of the nerve, then single inductiou-shocks 
sent into the far end of A will cause single spasms in the muscle 
of B, while tetanization of A, i.e. rapidly repeated shocks sent 
into A, will cause tetanus of the muscle of B. 

That this current, whether it be regarded as an independent 
'current of action,' or as a negative variation of a 'pre-existing' 
current, is an essential feature of a nervous impulse, is shewn by 
the fact thai the degree or intensity of the one varies with that 
of the other, They both travel, too, at the same rate. In describing 
the muscle-curve, and the method of measuring the muscular latent 
period, we have incidentally shewn (§ 46) how at the same time 
the velocity of the nervous impulse may he measured, and stated 
that the rate in the nerves of a frog is about 28 meters a second. 
By means of a special and somewhat complicated apparatus, it is 
ascertained that the current of action travels along an isolated 
piece of nerve at the same rate. It also, like the contraction, 
travels in the form of a wave, rising rapidly to a maiiimum at 
each poijit uf the nerve, and then more gradually declining again. 
The length of the wave may by special means he measured, and 
is found to be about 18 mm. 

When an isolated piece of nerve is stimulated in the middle, 

the current of action is propagated equally well in both directions, 

and that whether the nerve be a chiefly sensory or a chiefly motor 

nerve, or, indeed, if it be a nerve-root composed exclusively of motor 

, or of sensory fibres. Taking the current of action as the token of 

/ a nervous impulse, we infer from this that when a nerve fibre is 

[ stimulated artificially at any part of its course, the nervous 

, impulse set going travels in both directions, 

/ We used just now the phrase * tetanization of a nerve,' meaning 
( the application to a nerve of rapidly repeated shocks such as would 
produce tetanus in the muscle to which the nerve was attached. 
and we shall have frequent occasion to employ the phrase. It 
must, however, be understood that there is in the nen-e, in an 
ordinary way, no summation of nervous impulses comparable to the 
summation of muscular contractions. Putting aside certain cases 
which we cannot discuss here, we may say that the series of shocks 
sent in at the far end of the nerve start a series of impulses ; these 
travel down the nerve, and reach the muscle as a series of distinct 
impulses; and the first changes in the muscle, the jiLolacular 
chiiflges, which, sweeping along the fibre, initiate the_ change of 
Torm, an^^vrtiich we may perhaps speak of as constituting a_aiu scle 
iIEfp^lse, also probably form a series the members of whiclTare 
distinct It is not until these molecular changes become trans- 
formed into visible changes of form that any fusion or summation 
takes place. 

§ 73. Putting together the facts contained in this a"'' 
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cediug sections, the following may be taken as a brief approximate 
history of what tnkcs place in a muscle and uerve wheu the latter 
is subjected to a single induction-shock. At the instant that the i 
induced current passes into the nerve, chan g es occ ur, of whosel 
naturii we knownothin^cert ain except th at tney cause a^^ciirirent' 
of aBRonTor' ' ne^tive_viiriation,' of the ■natural" nerve "ciirrent. ', 
These changes propagate themselves along the nerve in both i 
directions as a nervous impulse in the form of a wave, having 
a wave-length of about 13 nam., and a velocity (in frog's nerve) of 
about 28 m. per sec. Passing down the nerve fibres to the muscle, 
tlowing along the branching and narrowing tr.icts, the wave at last 
breaks on the end-plates of the fibres of the muscle. Here it ia 
transmuted int^i what we have called a mut'cle impulse, which, 
with a greatly diminished velocity (about 3 m. per sec), travels 
from each end-plab; in both directions to the end of the fibre, 
where it appears to be lost; at all events we do not know what 
becomes of it. As this impulse wa ve_s\veeps glou^ the fibre, it 
initiates an exp losive decompiisitio n . of material, leading to a 
disghanprol carlio nic acid^ to the appearance of some substance or 
substftiices with an acid reaction, and probably of other uiiknown 
things, with a considerable development of heat. This explosive 
decomposition gives rise to the visible contraction wave ; the fibre, [ 
as the wave passes over it, swells and shortens, and thus brings its i 
two ends nearer tc^etber. 

When repeated shocks are given, wave follows wave of nervous 
impulse, muscle impulse, and visible contraction ; but the last do 
not keep distinct : they are fused into the continued shortening 
which we call tetanus. 




SEC. 3. THE NATURE OF THE CHANGES THROUGH 
WHICH AN ELECTRIC CURRENT IS ABLE TO GENE- 
RATE A NERVOUS IMPULSE. 



Action of the Constant Current 

§ 74. In the preceding account, the stimulus applied in order 
to give rise to a nervous impulse has always been supposed to be 
an induction-shock, single or repeated. This choice of stimulus has 
been made on account of the almost momentary duration of the 
induced current. Had we used a current lasting for some consider- 
able time, the problems before us would have become more com- 
plex, in consequence of our having to distinguish between the 
events taking place while the current was passing through the 
nerve, from those which occurred at the moment when the current 
was thrown into the nerve, or at the moment when it was shut 
ofif from the nerve. These complications do arise when, instead of 
employing the induced current as a stimulus, we use a constant 
current, i.e. when we pass through the nerve (or muscle) a current 
direct from the battery, without the intervention of any induc- 
tion-coil. 

Before making the actual experiment, we might, perhaps, 
naturally suppose that the constant current would act as a stimu- 
lus throughout the whole time during which it was applied ; that, so 
long as the current passed along the nerve, nervous impulses would 
be generated, and that these would throw the muscle into some- 
thing at all events like tetanus. And under certain conditions this 
does take place ; occasionally it does happen that at the moment 
the current is thrown into the nerve the muscle of the muscle- 
nerve preparation falls into a tetanus, which is continued until the 
current is shut off ; but such a result is exceptional. In the vast 
majority of cases what happens is as follows. At the moment that 
the circuit is made, the moment that the current is thrown 
into the nerve, a single twitch, a simple contraction, the so-called 
making contraction, is witnessed ; bat after this has passed away 
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the muacle remains absolutely quiescent iu apite of the current ^N 
continuing to pass through the nerve, and this quiescence Jb^J^?^ 
maintained until the circuit is broken, until the current is shut 
off from the nerve, when another simple contraction, the so- 
called brciiking contraction, is observed. The mere passage of a 
coustaut current of uniform intensity through a nerve does not, 
under ordinary circumstances, act as a stimulus generating a 
nervous impulse; such an impulse is only set up when the 
current either falls into or is shut otf from the nerve. It is 
the entrance or the exit of the current, and not the continuance of 
the current, which is the stimulus. The_qui(i3cwucB_ot the_nerve 
and muscle during the passage otjihe current Is^however, dependent" 
on the cuirent^remaining^ uniform jtMntensity or at least uotteiug 
suddenl y, mcrj aseu or dim inished. Any surticiently suddeu and 
lai^ increase or diminution of the iutensity of the current will 
act tike the entrance or exit of a current, and, by generating a 
nervous impulse, give rise to a contraction. If the intensity of the 
current, however, be very slowly and gradually increased or di- 
minished, a very wide range of intensity may be passed through 
without any contraction being seen. It is the sudden change from 
one condition to another, and not the condition itself, which causes 
the nervous impulse. 

In many cases, both a ' making ' and a ' breaking ' contraction, 
each a simple twitch, are observed, and this is perhaps the 
commonest event ; but when the current is very weak, and again 
when the current is very strung, either the breaking or the making 
contraction may be absent, i.e. there may be a contraction only 
when the current is thrown into the nerve, or only when it is 
shut off from the nerve. 

Under ordinary circumstances the contractions witnessed with 
the constant current, either at the make or at the break, are of the 
nature of a ' simple ' contraction, but, as has already been said, the 
application of the current may give rise to a very pronounced 
tetanus. Such a tetanus is seen sometimes when the current 
is made, lasting during the application of the current, sometimes 
when the current is broken, lasting some time after the current has 
been wholly removed from the nerve. The former is spoken of as 
a ' making,' the latter aa a ' breaking ' tetanus. But these excep- 
tional results of the application of the constant current need not 
detain us now. 

The great interest attached to the action of the constant 
current lies in the fact that during the passage of the current, 
in spite of the absence of all nervous impulses, and, therefore, 
of all muscular contractions, the nerve is for the time both between 
and on each side of the electrodes profoundly modified in a most 
pec ulwr manner. This modification, important both for the light 
U throws on the generation oF nervous impulses and for it« practical 
applications, is known under the name of tUctrotontu. 



1< 



< J 

(s- •« 



i"^ 



130 ELECTROTONUS. [Book i. 

§ 75. Electrotonus. The marked feature of the electrotonic 
condition is that the nerve, though apparently quiescent, is changed 
i/ in respect to its irritability; and that in a different way in the 
A neighbourhood of the two electrodes respectively. 
^ ' Suppose that on the nerve of a muscle-nerve preparation are 
placed two (non-polarizable) electrodes (Fig. 22, a. A;), connected 
with a battery and arranged with a key so that a constant current 
can at pleasure be thrown into or shut off from the nerve. 
This constant current, whose effects we are about to study, may be 
called the * polarizing current' Let a be the positive electrode or 
anode, and k the negative electrode or kathode, both placed at 
some distance from the muscle, and also with a certain inter\'al 
between each other. At the point x let there be applied a pair of 
electrodes connected with an induction-coil. Let the muscle 
further be connected with a lever, so that its contractions can 
be recorded, and their amount measured. Before the polarizing 
current is thrown into the nerve, let a single induction-shock 
of known intensity (a weak one being chosen, or at least not 
one which would cause in the muscle a maximum contraction) be 
thrown in at x, A contraction of a certain amount will follow. 
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Fio. 22. Muscle-nerve Preparations, with the nerve exposed in ii to a descending 

and in ^ to an ascending constant current 

In each a is the anode, k the kathode of the constant current, x represents the 
spot where the induction-shocks used to test the irritability of the nenre are sent in. 

That contraction may be taken as a measure of the irritability of 
the nerve at the point x. Now, let the polarizing current be 
thrown in, and let the kathode or negative pole be nearest the 
muscle, as in Fig. 22 -4, so that the current passes along the 
nerve in a direction from the central nervous system towards the 
muscle; such a current is spoken of as a descending one. The 
entrance of the polarizing current into the nerve will produce 
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'making' contraction; this we may neglect. If while the 
current is passing, the same induction-shock as hefore be sent 
through X, the contraction which results will be found to be 
greater than on the former occasion. If the polarizing current be 
now shut otf, a ' breaking ' contraction will probably be produced ; 
this also we may neglect. If now the point x. after a short 
interval, bo again tt^sted with the same induction-shock as before, 
the contraction will be no longer greater, but of the same amount, 
or [lerbaps not so great, as at first. During th e passage of 
the_£o]arizijig^mTent,jhereforejjlie_i^^^ of 51ie _neTve_ac 

the point^xbas bientem|jOTarily»tc ?-tfi«<!rf. since the same shock 
applied to it causes a greater contraction during the presence than 
in the absence of the current. But this is only true so long as the 
pola rining cuir ent is adescendiug__pne, so long as the point x lies 
on tHo side ofThe kathode, Qn th e other hand, if the polarizing 
current bad been an aseending one. with the anode or positive pole , 
nearest the muscle, as in Fig. 22 B, the irritability of the nerve at ■ 
X would have^bee.niound^o^bej^imtww/iei^ instead of increased by i 
the pokmiug current ; the contraction obtained during the passage 
of the conslanl' current would be less than before the passage of 
the current, or might he absent altc^ether, and the contraction 
after the current had been shut off would be as great or perhaps 
greater than before. That is to say, when a constant current is 
applied to a nerve, the irritability of the nerve between the polar- 
izing electrodes and the muscle is, during the passage of the 
current, increased when the kathode is nearest the muscle (and | 
the polarizing current descending), and diminished when the anode 
is nearest the muscle (and the polarizing current ascending). The 
same result, mutatig mutandis, and with some qualifications which 
we need not discuss, would be gained if x were placed not between 
the muscle and the polarizing current, but on the far side of the 
latter. H ence, it may be sta ted generally that during the passage 
of a constalTt current through a jierve, tTie" Irritability of the nerve 
« increas ed in the_ region oF the katbode, and diminished in 
Ihe region of th e atiode^ T^e clianges in the nerve which give , 
rise to this increase of irritability in the region of the kathode j 
are spoken of as kntdeclrolonug, and the nerve is said to be ( 
in a katelectrotonic condition. Similarly the changes in the < 
region of the anode are spoken of as andetlTotonus, and the nerve | 
is said to be in an anelectrotonic condition. It is also often usual 
to speak of the katelectrotonic increase, and anelectrotonic decrease 
of irritability. 

This law remains true whatever be the mode adopted (or 
determining the irritability. The result holds good not only 
with a single induction-shock, but also with a tetanizing inter- 
rupted current, with chemical and with mechanical stimuli. It 
^^^orther appears to hold good not only in a dissected nerve-muscle 
^^Bpeparation, but also in the intact nerves of the living body. The 
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increase and decrease of irritability are most marked in the 
immediate neighbourhood of the electrodes, but spread for a 
considerable distance in each direction in the extrapolar regions. 
The same modification is not confined to the extrapolar region, 
but exists also in the intrapolar region. In the intrapolar region 
there must be of course a neutral or indifferent point, where the 
katelectrotonic increase merges into the anelectrotonic decrease, 
and where, therefore, the irritability is unchanged. When the 
polarizing current is a weak one, this indifferent point is nearer the 
anode than the kathode, but as the polarizing current increases in 
intensity, draws nearer and nearer the kathode (see Fig. 23). 

The amount of increase and decrease is dependent : (1) On the 
strength of the current, the stronger current up to a certain limit 
producing the greater effect (2) On the irritability of the nerve, 
the more irritable, better conditioned nerve being the more affected 
by a current of the same intensity. 

In the experiments just described the increase or decrease of 
irritability is taken to mean that the same stimulus starts in the one 
case a larger or more powerful, and in the other case a smaller or 
less energetic impulse ; but we have reason to think that the mere 
propagation or conduction of impulses started elsewhere is also 
affected by the electrotonic condition. At all events anelectrotonus 
appears to offer an obstacle to the passage of a nervous impulse. 




Fio. 23. Diagram illustrating the Variations of Irritabilitt during Electro- 
TONUs, with Polarizing Currents of Increasing Intensity (from Pfluger). 

The anode is supposed to be placed at A, the kathode at B ; AB is conseqaently 
the intrapolar district. In each of the three carves, the portion of the carve below 
the base line represents diminished irritability, that above, increased irritability, 
jfi represents the effect of a weak current; the indifferent point jr^ is near the 
anode A. In y2> & stronger current, the indifferent point x^ is nearer the kathode 
B, the diminution of irritability in anelectrotonus and the increase in katelectro- 
tonns being greater than in yi ; the effect also spreads for a greater distance alone 
the extrapolar regions in both directions. In y^ the same events are seen to be stifi 
more marked. 



§ 76. Electrotonic Currents. During the passage of a constant 
current through a nerve, variations in the electric currents belonging 
to the nerve itself may be observed ; and these variations have certain 
relations to the variations of the irritability of the -nerve. Thus, if 
a constant current, supplied by the battery P (Fig. 24), be applied 
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to a pieue of nerve by means of two aon-polarizalile electrodes p, p', 
the "currents of rest" obtainable from various puiiitB of the nerve 
will bo different during the passage of the polarizing current from 
tbi«fl which were manifest before or after the current was applied ; and, 
moreover, the changes in the nerve-currents produced by the polarizing 
uum'ut will nut be the same in the neighbourhuod of the anode {p) 
as those in the neighbourhood of the kathi^e (p'). Thus let iJ and il be 
two galvanometers so connected with the two ends of the nerve as to 
olford good and clear evidence of the "currents of rest." Before 
the polarizing current is thrown into the nerve, the needle of J/ will 
occupy a position indicating the passage of a current of a certain 
intensity from /< to A' through the galvanometer (from the positive 
lon^'itudinal surface to the negative cut end of the uervo), the cireuit 
being completed by a current in the nerve from A' to A, i.e. the current 
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will flow in the directiou of Iho arrow. Similarly the uecdle of G will 
by its deHectian indicate the existence of a current flowing from g to g' 
through the galvanometer, and from g' to g through the nerve, in the 
direction of the arrow. 

At the instant that the polarizing current is thrown into the nerve - 
at^', the currents at gg", Mi' will undei^o a " negative variation j " tliat is, 
the nerve at each point will exhibit a "current of action " corrcepond- 
ing to the nervous impulse, which, at the making of the polarizing 
current, passes in both directions along the nerve, and ma; cause a> 
contraction in the attached nmscle. The current of action is, as we 
have seen, of extremely short duration ; it is over and gone in a small 
fraction of a second. It therefore must not be confounded with a 
permanent effect, which, in the case we are dealing with, is observed in 
both galvanomotera. This effect, which is dependent on the direction 
of the polarizing current, is as follows : Supposing that the polarizing 
current is flowing iu the direction of the arrow in the figure, that is, 
passes in the nerve from the positive electrode or anode p to the negative 
electrode or kathode p', it is found that the current through the 
galvanometer ff is increased, while that through^ is diminished. The 
goleriBing_ current has caused theappeoraniie^ iii^ the jiBn:o outside" the 
.slfiC^rodes^ of a .current, haviug the same direction as itself, called the 
'electTctonic' uurrenT; and this electrotonic current odds to, or takes 
away from, the natural nerve-current or "current of rest," according as 
it is flowing in the same direction as that, or in an opposite direction. 

The strength of the electrotonic curi-eiit is dependent on the strength 
of the polarizing current, and on the length of the intrapolar region, 
which is exposed to the polarizing current. When a strong polarizing 
current is used, the electromotive force of the electrotonic current may 
be much greater than tliat of the natural nerve-current. 

The strength of the electrotonic current varies with the irritability, 
or vital condition of the nerve, being greater with the more irritable 
nerve ; and a dead nerve will not manifest electrotonic currents. More- 
over, the propagation of the current is stopped by a ligature, or by 
crushing the nerve. 

Wo may speak of the conditions which give rise to this electrotonic 
current as a/iAysjco^ olectrotonus analogous to that pAjjio/ojwi/ electro- 
tonus, which is made known by variations in irritability. The physical 
electrotonic current is probably due to the escape of the polarizing 
current along the nerve under the peculiar conditions of the living 
nerve ; but we must not attempt to enter here into this difficult subject, 
or into the ollied qiiestiou as to the exact connection between the 
physical and the jihysiological electro ton us, though there can be little 
doubt that the latter is dependent on the former. 

§ 77. These variations of irritability at the kathode and anode 
respectively, thus brought nbout by the action of the constant 
current, are interesting theoretically, because we may trace a con- 
nection between them and the nervous impulse which is the result 
of the making or breaking of a constant current. 

For we have evidence that a nervous impulse is generated 
when a portion of the nerve passes suddenly from a normal 
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condition to a state of katelectrotonus. or from a state of aneleo- 
trotouus back to a normal condition ; but tbat the passage from 
a normal condition to Bnelectrotonus or from katelectrotonus 
back to a normal condition is unable to generate an impulse. 
Hence, when a constant current is 'made,' the impulse is gen- 
erated onlj at the kathode where the nerve passes suddenly into 
katelectrotonus ; wht-n the_curreut, on the other hand, is ' broken,' 
the impuls e is g engratud only at^ the anode where the nerve passes . 
suddenly'tapkjroin anelectrotonus into a normal condition. We 
have an~indirect proof of tliis in the facts to which we drew 
attention a little while back, viz. that a contraction sometimes 
occurs at the 'breaking' only, sometimes at the "making' only 
of the constant current, sometimes at both. For it is found that 
this depends partly on the strength of the current in relation to 
the irritability of the nerve, partly on the direction of the current, 
whether ascending or descending ; and the results obtained with 
strong, medium and weak descending and ascending currents have 
been stated in the form of a ' law of contraction.' We need not 
enter into the details of this ' law,' but will merely say that the 
results which it formulates are best explained by the hypothesis 
just stated. We may add that when the constant current is 
applied to certain structures composed of plain muscular fibres, 
whose rate of contraction we have seen to be slow, the making 
contraction may be actually seen to begin at the kathode and 
travel towards the anode, and the breaking contraction to begin 
at the anode and travel thence towards the kathode. 

Since in katelectrotonus the irritability is increased, and in 
anelectrotonus decreased, both the entrance from the normal 
condition into katelectrotonus, and the return from anelectrotonus 
to the normal condition, are instances of a passage from a lower 
stage of irritability to a higher stage of irritability. Hence, the 
phenomena of electrotonus would lead us to the conception that a 
stimulus in provoking a nervous impulse produces its effect by, in 
some way or other, suddenly raising the irritability to a higher 
pitch. But what we are exactly to understand by raising the 
irritabihty, what molecuhir change is the cause of the rise, and 
how either electric or other stimuli can produce this change, are 
matters which we cannot discuss here. 

Besides their theoretical importance, the phenomena of electro- 
tonus have also a practical interest. When an ascending current 
is passed along a nerve going to a muscle or group of muscles, the 
region between the electrodes and the muscle ia thrown into 
anelectrotonus, and its irritability is diminished. If the current 
be of adequate strength, the irritability may be so much lessened 
that ner\'oiis impulses cannot be generated in that part of the 
nerve, or cannot pass along it. Hence, by this means the irregular 
contractions of muscles known as ' cramp ' may be abolished. 
Similarly, by bringing into a condition of anelectrotonus a portion 
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of a aensory nerve in which violent impulses are being generated, 
giving rise in the central nervous system to sensations of pain, the 
impulses are toned down or wholly abolished, and the pain ceases. 
So, on the other hand, we may at pleasure heighten the irritability 
of a part by throwing it into katelectrotonus. In this way the 
constant current, properly applied, becomes a powerful remedial 
means. 

We said just now that probably every stimulus produces its 
effect on a nerve by doing what the constant current does when it 
acts as a stimulus, viz., suddenly raising the irritability of the 
nerve to a higher pitch. At any rate, the stimulus so often 
employed in experunents, the induetion-shock, acts exactly in the 
same way as the constant current. The induction-shock is a 
current of short duration, developed very suddenly, but disappear- 
ing more gradually, and this is true both of a making induction- 
shock, a shock due to the making of the primary current, and of a 
breaking shock, a shock due to the breaking of the primary 
current. The two differ in direction (hence if the making shock 
be ascending, the breaking shock will be descending and vice 
versa), and in the tact that the breaking shock is more suddenly 
developed, and hence more potent than the making shock ; but 
otherwise they act in the same way. lu each case, since the 
induced current is developed rapidly, but disappears more slowly, 
there is a sudden development of electrotonus, of katelectrotonus at 
the kathode aud of anelectrotonus at the anode, and a more grad- 
ual return to the normal condition. Now, there are many reasons 
for thinking that in all cases the passing from the normal condition 
to katelectrotonus at the kathode is a more potent stimulus than 
the return from anelectrotonus to the normal condition at the 
anode, and this will be still more so if the return to the normal 
condition be much slower than the entrance into electrotonus, as 
is the case in an induction-shock. And it would appear that in 
an induction-shock, which, as we have said, disappears much more 
slowly than it is developed, we have to deal not with two stimuli, 
one at the shock passing into a nerve and one at the shock leaving 
the nerve, but with one only, — that produced at the shock passing 
into the nerve. Hence, when an induction -shock is sent into a 
nerve, one stimulus only is developed, and that at the kathode 
only, the establishment of katelectrotonus. This is true whether 
the shock be a making or a breaking shock, t.e. due to the making 
or breaking of the primary current, though of course, owing to the 
change of direction in the induced current, what was the kathode 
at the making shock becomes the anode at the breaking shock. 

Lastly, though we are dealing now with nerves going to muscles, 

that is to say, with motor nerves only, we may add that what we 

have said about electrotonus, and the development of nervous 

impulses by it, appears to apply equally well to sensory nerves. 

§ 78. In a general way, muscular fibres behave towards an 
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electric current very much as do nerve fibres; but there are 
certain important differences. 

In the first place, muscular fibres, devoid of nerve fibres, are 
much more readily thrown into contractions by the breaking and 
making of a constant current than by the more transient 
induction-shock; the muscular substance seems to be more 
sluggish than the nervous substance, and requires to be acted upon 
for a longer time. This fact may be made use of, and, indeed, is in 
medical practice made use of, to determine the condition of the 
nerves supplying a muscle. If the intramuscular nerves be still in 
good condition, the muscle as a whole responds readily to single 
induction-shocks, because these can act upon the intramuscular 
nerves. If these nerves on the other hand have lost their irrita- 
bility, the muscle does not respond readily to single induction- 
shocks, or to the interrupted current, but can still easily be thrown 
into contractions by the constant current. 

In the second place, while in a nerve no impulses are, as a rule, 
generated during the passage of a constant current, between the 
break and the make, provided that it is not too strong, and that it 
remains uniform in strength, in an urarized muscle on the other 
hand, even with moderate and perfectly uniform currents, a kind of 
tetanus, or, apparently, a series of rhythmically repeated contractions 
is very frequently witnessed during the passage of the current 
The exact nature and cause of these phenomena in muscle, we 
must not, however, discuss here. 
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K. \ § '^» The facts described in the foregoing sections shew that a 

muscle with its nerve may be justly regarded as a machine which^ 
when stimulated, will do a certain amount of work. But the 
actual amount of work which a muscle-nerve preparation will do is 
found to depend on a large number of circumstances, and conse- 
quently to vary within very wide limits. These variations will be 
largely determined by the condition of the muscle and nerve in 
?_ ^ repect to their nutrition ; in other words, by the degree of irrita- 

i bility manifested by the muscle or by the nerve or by both. But 

..r >? quite apart from the general influences affecting its nutrition and 

"^ ^ thus its irritability, a muscle-nerve preparation is aflfected, as 

regards the amount of its work, by a variety of other circumstances, 
' which we may briefly consider here, reserving to a succeeding ^ 

section the study of variations in irritability. 
\ We may here remark that a muscle may b e thrown into 

contraction under t\YP different jCPnditionsT' In the one case it ma y 
be, free to shorten : by the lifting of the weight or otherwise, the 
one end of the muscle may approach the other ; and this is the 
kind of contraction which we have taken, and may take as the 
ordinary one. But the muscle may be placed under such circum- 
stances that, when it contracts, the one end is not brought nearer 
to the other, the muscle remains of the same length, and the 

>^ effect of the contraction is manifested only as an increased strain. 

In this latter case, the contraction is spoken of as an "isometric," 
in the former case as an " isotonic " contraction. 

The inflxunce of the nature and mode of application of the 

^ stimulus. When we apply a weak stimulus, a weak induction- 

shock, to a nerve, we get a small contraction, a slight shortening of 
the muscle ; when we apply a stronger stimulus, a stronger in- 
duction-shock, we get a larger contraction, a greater shortening of 
the muscle. We take, other things being equal, the amount of 
contraction of the muscle as a measure of the nervous impulse, 
and say that in the former case a weak or slight, in the latter case 
a stronger or larger nervous impulse has been generated. Now 
the muscle of the muscle-nerve preparation consists of many 
muscular fibres and the nerve of many nerve fibres ; and we may 
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fairly suppose that in two experiments we may in the one '/ 
experiment bring the induction-shock or otlier stimulus to bear H 
on a few nerve fibres only, and in the other experiment on many ', 
or even all the fibres of the nerve. In the former case, only those ' 
muscular fibres in which the few nerve fibres Htimulated end will ' 
be thrown into contraction, the others remaining (juiet, and the | 
shortening of the muscle as a whole, since only a few fibres take part 
in it, will necessarily be lens than when all the fibres of the nerve 1 
are stimulated, and all the fibres of the muscle contract. That ia \ 
to say, the an ioun t of contraction will depend on the number of_ \ 
fibres stimuhit«d. For simplicity's sake, however, we will, in what 
follows, except when otherwise indicated, suppose that when a 
nerve is stimulated, all the fibres are stimulated and all the 
muscular fibres contract. 

In such a case the stronger or larger nervous impulse, leading 
to the greater contraction, will mean the greater disturbance in 
each of the nerve fibres. Wliat we exactly mean by the greater 
disturbance we must not discuss here ; we must be content with 
regarding the greater, or more powurful, or more intense, nervous 
impulse as that in which, by some mode or other, more energy is 
set free. 

So far as we know at present this diflTerence in amount or in- 
tensity, of the energy set free, is the chief difference between various 
nervous impulses. Nervous impulses may differ in the velocity 
with which they travel, in the length and possibly in the form 
of the impulse wave, but the chief difference is in strength, in. so 
to speak, the height of the wave. And our present knowledge will 
not permit us to point out any other differences, any differences 
in fundamental nature, for instance, between nervous impulses 
generated by different stimuli, between, for example, the nervous 
impulses generated by electric currents, and those generated by 
chemical or mechanical stimuli ; nor can we, in the present state 
of our knowledge, at least, recognise any essential difference 
between what may be called natural motor nervous impulses ; that 
is to say, those set going by changes in the central nervous 
sy8t«m, and those produced by the artificial stimulation of the 
motor nerves." 

This being premised, we may say that, other things being equal, 
the magnitude of a ner^'ous impulse, and so the magnitude of tli« 
ensuing contraction, is directly dependent on what we may call 
the strength of the stimulus. Thus taking a single induction- 
stock as the most manageable stimnlus, we find that if, before we 
begin, we place the secondary coil (Fig. 5, sc.) a long way off the 
primary coil pr. c, no visible effect at all follows upon the 

■ II will be obsened that we are ipeakinc now ciclii«iTe1r of the DCrre of • 
niuct»-nerite premntioii. >'. t. of what we ituill hotcafter una a motor aerve. 
WbMhn KIUQ17 imiiDlte* diSvr esMDtiallii from motor impnlKi will be conaidered 
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discliarge of tlie induction-shock. The passage of the momentary 
weak current is either unable to produce any nervous impulse at 
all, or the weak nervous impulse to which it gives rise is unable 
to stir the sluggish muscular substance to a visible contraction. 
As we slide the secondary coil towards the primary, sending in an 
induction-shock at each new position, we find that, at a certain 
distance between the secondary and primary coils, the muscle 
responds to each induction-shock * with a contraction which makes 
itself visible by the slightest possible rise of the attached lever. 
This position of the coils, the battery remaining the same and 
other things being equal, marks the minimal stimulus, giving rise 
to the minimal contraction. As the aecondarj' coil is brought 
nearer to the primary, the contractions increase in height corre- 
sponding to the increase in the intensity of the stimulus. Very 
soon, however, an increase in the stimulus, caused by further sliding 
the secondary coil over the primary, fails to cause any increase 
in the contraction. This indicates that the maximal stimulus, 
giving rise to the maximal contraction, has been reached; though 
the shocks increase in intensity as the secondary coil is pushed 
further and further over the primary, the contractions remain of 
the same height, until fatigue lowers them. 

With single induction-shocks, then, the muscular contraction, 
and by inference the nervous impulse, increases with an increase in 
the intensity of the stimulus, between the limits of the minimal 
and maximal stimuli ; and this dependence of the nervous impulse, 
and so of the contraction, on the strength of the stimulus, may be 
observed not only in electric hut in all kinds of stimuli 

It may here he remarked that in order tor a stimulus to be 
effective, a certain abruptness in its action is necessary. Thus, 
as we have seen, the con-stant current when it is passing through 
a nerve with uniform intensity does not give rise to a nervous 
impulse, and, indeed, it may be increased or diminished to almost 
any extent without generating nervous impulses, provided that the 
change be made gradually enough ; it is only when there is a 
sudden change that the current becomes effective as a stimulus. 
And the reason why the breaking induction-shock is more potent 
as a stimulus than the making shock, is because as we have seen 
(§ 44) the current, which is induced in the secondary coil of an 
induction-machine at the breaking of the primary circuit, is more 
rapidly developed, and has a sharper rise than the current which 
appears when the primary circuit is made. Similarly, a sharp tap 
on a neWe will produce a coutraction, when a gradually increasing 
pressure will fail to do so; and, in general, the efficiency of a 
stimulus of any kind will depend in part on the suddenness or 
abruptness of its action. 

' Id these experimenta cithpr the breaking or making sliock must be used, not 
sometimes one and sometimes tlie other : for. as we hove Btateii, the two kinds □{ 
sliDck differ in cffiuiency, the breaking being the mont tiotcol. 
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A Btimulus, in order that it may be effective, must have ao 
action of a certain duration, the time necessary to produce an effect 
varying according to the strength of the stimulus and being difTerent 
in the case of a nerve from what it is in the case of a muscle. It 
would appear that an electric current applied to a nerve must have 
a duration of at least about 0015 sec. to cause any contraction at 
all, and needs a longer time than this to produce its full effect 
A muscle fibre, apart from its nerve fibre, requires a still longer 
duration of the stimulus, and hence, as we have already stated, 
a muscle poisoned by urari, or which has otherwise lost the action 
of its nerves, will not respond as readily to induction -shocks as to 
the more slowly acting, breaking and making of a constant current 

In the case of electric stimuli, the same current will pn^uce a 
stronger contraction when it is sent along the nerve than when it 
is sent across the uerve; indeed, it is maintained that a current 
which passes through h nerve in an absolutely transverse direction 
is powerless to generate impulses. 

It would abo appear, at all events up to certain limits, that the 
longer the piece of nerve through which the current passes, the 
greater is the effect of the stimulus. 

When two pairs of electrodes are placed on the nerve of a long 
and perfectly fresh and successful nerve-preparation, one near to , 
the cut end, and the other ne.irer the muscle, it is found that the | 
same stimulus produces a greater contraction when applied through \ 
the former pair of electrodes than through the latter. This has | 
been interpreted as meaning that the impulse started at the 
farther electrodes gathers strength, like an avalanche, in its I 
progress to the muscle. It is more probable, however, that the larger 
contraction produced by stimulation of the part of the nerve near 
the cut end. is due to the stimulus setting free a larger impulse, 
i.e. to this part of the uerve being more irritable. The mere 
section, possibly by developing nerve currents, increases for a time 
the irritability at the cut end. A similar greater irritability may, 
however, also be observed in the part of the nerve nearer the 
spinal cord while it is still in connection with the spinal cord ; and 
it is possible that the irritability of a nerve may vary considerably 
at different points of its course. 

§ 80. We have seen that when single stimuli are repeated 
with sufficient frequency, the individual contractions are fused 
into tetanus; as the frequency of the repetition is increased, the 
individual contractions are less obvious on the curve, until at last 
we get a curve on which they seem to be entirely lost, and which 
we may speak of as a complete tetanus. By such a tetanus a much 
greater contraction, a much greater shortening of the muscle is, of 
course, obtained than by single contractions. 

The exact frequency of repetition required to produce complete 
tetanus will depend chietly on the lungth of the individual 
contracUons, and this varies in different animals, in different 
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muscles of tlie same animal, and in the same muscle under different' 
conditious. In a cold blooded auimal a single contraction is as a . 
rule more prolonged tltau in a warm blooded animal, and tetanus 
is consequently produced in the former by a less frequent repe- 
tition of the stimulus. A tired muscle has a longer contraction 
than a fresh muscle, and hence in many tetanus curves the 
individual contractions, easily recognised at first, disappear later 
on, owing to the individual contractions being lengthened out 
by the exhaustion caused by the tetanus itself. In many animals, 
e.g. the rabbit, some muscles (such as the adductor magnus 
femoris) are pale, while others (such aa the semitendinosns) are 
red. The red muscles are not only more richly supplied with 
blood vessels, but the muscle substance of the fibres contains more 
hEemoglobin than the pale, and there are other structural differ- 
ences. Now, the_single contraction of one o f these red muscles 
is DQOTe^^roJonged t han th e single controcFion^^bfnnp nf ^.[[p ]iftly. 
m u acles produ^Iby th e same stimul us. Hence tlie red muscles 
are thru Wn" Into complete tetanus with a reiietition of much less 
frequency than that required for the pale muscles. Thus, ten 
stimuli in a second are quite sufficient to throw the red muscles 
of the rabbit into complete tetanus, while the pale muscles require 
at least twenty stimuli in a second. 

So long as signs of the individual contractions are visible on 
the curve of tetanus, it is easy to recognise that each stimulation 
produces one of the constituent single contractions, and that the 
number, so to speak, of the vibrations of the muscle making up the 
tetanus, corresponds to the number of stimulations; but the 
question whether, when we increase the number of stimulations 
beyond that necessary to produce a complete tetanus, we still 
increase the number of constituent single contractions, is one not 
so easy to answer. And connected with this question is another 
difficult one. What is the rate of repetition of single contractions 
making up those tetanic contractions which as we have said are 
the kind of contractions by which the voluntary, and, indeed, other 
natural movements of the body are carried out ? What is the 
evidence that these are really tetanic in character? 

When a muscle is thrown into tetanus, a more or less musical 
sound is produced. This may be heard by applying a stethoscope 
directly over a contracting muscle, and a similar sound hut of a 
more mixed origin and less trustworthy may be heard when the 
masseter muscles are forcibly contracted, or when a finger is placed 
in the ear, and the muscles of the same arm are contracted. 

When the stethoscope is placed over a muscle, the nerve of 
which is stimulated by induction-shocks repeated with varying 
frequency, the note heard will vary with the frequency of the 
shocks, being of higher pitch with the more frequent shocks. Now^ 
itJyis been thought that the vibrations of the muscle giving rise 
to the " muscle sound " are identical with tbe single Contractions 
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makiDgup the tetanus of the muscle. And since, in the human 
■body, when a musele~tiSTlirowii into contraction in a voluntary 
effort, or, indeed, iu any of the ordinary natural movoments of the 
body, the fundamental tone of the sound corresponds to about 19 
or 20 vibrations a second, it has been concluded that the con- 
traction taking place iu such casus is a tetanus of which the 
individual contractions follow each other about 19 or '20 times a 
second. But iuves tigations s eem to shew that the vibrations 
g iving rise t o the muscle sound do not really correspond to the 
shortenings and relaxations of the individual contractions, and 
tliat the i>itc)i of the note cannot therefore bo taken as au 
indicatiuii of the munlier of single contractioaa making up the 
t^auu-i ; iuili'i-<l, ;\- w.i shall see in speaking of the sounds ot 
the huiut, .1 >iiiL:l< uiiiscular contraction may produce a sound 
which ilimiylL (hik-viTiL; from the sound given out during tetanus 
has. to a certain extent, musical characters. Nevertheless, the 
special characters of the muscle sound given out by muscles in 
the natural movements of the body may be taken as shewing at 
least that the contractions ot the muscle in these movements are 
tetanic in nature, and the similarity of the note in all the voluutary 
efforts of the body and indeed in all movements carried out by the 
central nervous system is at least consonant with the view that 
the repetition of single contractions is of about the same frequency 
in all these movemeuts. Wliat that frequency is, and whether it 
is exactly identical in all these movements, is not at present 
perhaps absolutely determined ; but certain markings on the 
myrographic tracings of these movements, and other facts, seem 
to indicate that it is about 12 a second. 

§81. The Influence of Ike Load. It might be imagined that 
a muscle, which, when loaded with a given weight, and stimulated 
hy a current of a given intensity, had contracted to a certain 
extent, would only contract to half that extent when loaded with 
twice the weight, and stimulated with the same stimulus. Such, 
however, is not necessarily the case ; the height to which the 
weight is raised may be in the second instance as great, or even 
greater, than in the first That is to say, the resistance offered to 
the contraction actually auginunts the contraction, the tension of 
the muscnlar fibre Increases the facility with which the explosive 
chaSges resulting in a contraction take place. And we have other 
evidence that anything whichtends to stretch the muscular fibres, 
that any tension of the muscular fibres, whether during rest or. 
dunug^diilractiou, increases the metabolism of the muscle. There 
iB."of Course, alimit to this favourable action of the resistance. As 
the load continues to be increased, the height of the contraction 
is diminished, and at last a point is reached at which the muscle 
is unable (even when the stimulus chosen is the strongest possible) 
to lift the load at all 

In a muscle viewed as a machine, we have to deal not merely 
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with the height of the contraction, — that is with the amount of 
shortening, — but with the work done ; and this is measured by 
multiplying the number of units of height to whicITTKeToad is 
raised into the number of units of weight of the I6a3. 'Hence 
it is obvious from the foregoing observations that the work done 
must be largely dependent on the weight itself. Thus there is 
a certain weight of load with which in any given muscle, stimu- 
lated by a given stimulus, the most work will be done ; as may be 
seen from the following example: 

Load, in grammes 50 100 150 200 250 

Height of contractions in millimeters 14 9 7 5 2 
Work done, in gram-millimeters ... 450 700 750 400 

§ 82. The Influence of the Size aiid Form of the Muscle, Since 
all known muscular fibres are much shorter than the wave-length 
of a contraction, it is obvious that the longer the fibre, the greater 
will be the shortening caused by the same contraction wave, 
the greater will be the height of the contraction with the same 
stimulus. Hence, in a muscle of parallel fibres, the height to 
which the load is raised as the result of a given stimulus applied 
to its nerve, will depend on the length of the fibres, while 
the maximum weight of load capable of being lifted will depend 
on the number of the fibres, since the load is distributed among 
them. Of two muscles, therefore, of equal length (and of the same 
quality), the most work will be done by that which has the larger 
number of fibres, that is to say, the fibres being of equal width, 
which has the greater sectional area ; and of two muscles with 
equal sectional areas, the most work will be done by that which 
is the longer. If the two muscles are unequal both in length 
and sectional area, the work done will be the greater in the 
one which has the larger bulk, which contains the greater number 
of cubic units. In speaking, therefore, of the work which can be_ 
done by a muscle, we'may use as a standard a cubic unit of bulk , 
or, the specific gravity of the muscle being tlte'^Same, a unit of 
weight 

^^ We learn, then, from the foregoing paragraphs that_the^ work 
done by a muscle-nerve preparation wiU depend not only on tEe 
activity of the nerve and muscle, as determined by their own 
irritability, but also on the character and mode of application 
of the stimulus, on the kind of contraction (whether a single 
spasm, or a slowly repeated tetanus or a rapidly repeated tetanus) 
on the load itself, and on the size and form of the muscle. Taking 
tHe most favourable circumstances, viz. a well-nourished, lively 
preparation, a maximum stimulus causing a rapid tetanus and an 
appropriate load, we may determine the maximum work done by a 
given weight of muscle, say one gramme. This in the case of the 
muscles of the frog has been estimated at about four gram-meters 
for one gramme of muscle. 
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SEC. 5. THE CIKCtJMSTANCES WHICH DETERMINE 
THE DEGKEE OF IKKITABILITY OF MUSCLES AND 
NEKVES. 



§ 83. A muscle-oerve preparation, at the time that it is re- 
moved from the body, possesses a certain degree of irritability, it 
respouds by a contraction of a certain amount to a stimulus of a 
certain strength, applied to the nerve or to the muscle. After a 
while, the exact period deiiending ou a variety of circumstaucea, 
the same stimulus produces a smaller contraction, t.e. the irritability 
of the preparation has diminished. In other words, the muscle, 
or nerve, or both, have become partially ' exhausted ; ' and the 
exhaustion subsequently increases, the same stimulus producing 
smaller contractions, until at last all irritability is lost, no stimulus 
however strong producing any contraction, whether applied to the 
nerve or directly to the muscle ; and eventually the muscle, as we 
have seen, becomes rigid. The progress of this exhaustion is more 
ragidm the nerves than in the muscles ; for some time after the 
nerve trunk has ceased to respond to even the strongest stimulus, 
contractions may "be obtained by applying the stimulus directly to 
the_ muscle. It is much more rapid in the warm blooded than in 
CKe cSiS blooded animals. The muscles and nerves of the former 
lose their irritability, when removed from the body, after a period 
varying according to circumstances from a few minutes to two or 
three hours ', those of cold blooded animals (or at least of an 
amphibian or a reptile) may, under favourable conditions, remain 
irritable for two, three, or even more days. The duration of 
irritability in warm blooded animals may, however, be considerably 
prolonged by reducing the temperature of the body before death. 

If with some thia body a sharp blow be struck across a muscle which ' 
has entered into the lat«r Blades of exhaustion, a wheal lasting far ' 
aeveml seconJs is developed. This wheal appean to be a contraction 
wave limited to the part struck, nnd disappearing very slowly, without 
extending to the neighbouring musciilitr substance. It has been called 
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an ' idio^muscular * contraction, because it may be brought out even when 
ordinary stimuli have ceased to produce any effect. It may, however, be 
accompanied at its beginning by an ordinary contraction. It is readily 
produced in the living body on the pectoral and other muscles of persons 
suffering from phthisis and other exhausting diseases. 

This natural exhaustion and diminution of irritabilitv in 
muscles and nerves removed from the body, may be modified, both 
in the case of the muscle and of the nerve, by a variety of circum- 
stances. Similarly, while the nen^e and muscle still remain in the 
body, the irritability of the one or of the other may be modified 
either in the way of increase or of decrease by certain general 
influences, of which the most important are, severance from the 
central nervous system, and variations in temperature, in blood 
supply, and in functional activity. 

The Effects of Severance from the Central Nervous System, 
When a nerve, such, for instance, as the sciatic, is divided in 
situ, in the living body, there is first of all observed a slight 
increase of irritability, noticeable especially near the cut end ; but 
after a while the irritability diminishes, and gradually disappears. 
Both the slight initial increase and the subsequent decrease begin 
at the cut end, and advance centrifugally towards the peripheral 
1 terminations. This ce ntrifugal feature of the loss of irritability is 
I often spoken of as^thu hitter- Valli law."Tira inammal, it may be 
two or three days, in a fi^g, as many, or even more weeks, before 
irritability has disappeared from the nerve trunk. It is maintained 
in the small (and especially in the intramuscular) branches for 
still longer periods. 

This centrifugal loss of irritability is the forerunner in the 
peripheral portion of the divided nerve of structural changes, which 
proceed in a similar centrifugal manner. The medulla first suffers 
changes similar to those seen in nerve fibres after removal from the 
body ; its double contour and its characteristic indentati ons be- 
come more marked. It then breaks up into small, ureglir ar frag- 
ments, or drops, and, as "shewn by the behaviour towards staining 
reagents, becomes somewhat altered in its chemical nature. The 
axis cylinder also breaks up into fragments. IJeanwhile, the nuclei 
of the neurilemma divide and multiply, and with their multiplica- 
tion, a great increase of the protoplasmic material surrounding 
them appears to take place ; this, at least, seems to be the origin of 
a conspicuous bed of protoplasmic-looking substance in which the 
fragments of the medulla and of the axis-cylinder are imbedded. 
These fragments, becoming more and more altered in chemical 
nature, are now absorbed, the protoplasmic-looking material in- 
creasing or not diminishing. 

The neurilemma collapses, and so the nerve fibre is reduced to 
a strand of protoplasmic material studded with nuclei, and con- 
taining drops or globules of fat which are the remains of the 
medulla, the fragments of the axis-cylinder having wholly dis- 
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appeared. If no regeneration takes place, these nuclei with their 
bed eventually disappear. 

In the central portion of the divided nerve similar changes may 
be traced as far only as the next node of Ranvier. Beyond this 
the nerve usually remains in a normal condition. 

Regeneration, whe n it occurs, is apparently carried out by 
the peripheral growth of the axis^liudeis "of the intact centrd 
portion . It would seeiptTiarwTien the cut ends of the nen"e are 
close together, the axis-cylinders growing out from the central 
portion run into and between the shrunken neurilemmas of the 
peripheral portion, and new medulla, at first delicate and inter- 
rupted, but subsequently becoming continuous and complete, 
makes its appearance in the protoplasmic strands in a centrifugal 
order. But the complete history has not as yet beeu clearly made 
out, and much uncertainty still e-tists as to the exact parts which 
the proliferated nuclei and the protoplasmic material referred to 
above respectively play in giving rise to the new structures of the 
regenerated fibre. 

Such a degeneration may be observed to extend down to the very 
endings of the nerve in the muscle, including the end-plates, but 
does not at first affect the muscular substance itself. The muscle, 
though it has lost all its nervous elements, still remains irritable 
towards stimuli applied directly to itself : an additional proof of 
the existence of an independent muscular irritability. 

For some time the irritability of the muscle, ss well towafla atimuU 
applied directly to itself aa towards those apphed through the impaired 
nerve, seems to be diminished ; but after a while a peculiar condition 
(to which we hare already alluded, i 78) aete in, in which the muscla 
is found to he not easily stimulated by single induction-shocks, but to 
respond readily to thei make or br«ak of a constant current. In fact, it 
is said to beaoiiie even more sensitive to the latter mode of stim illation 
than it was when its nerve was intaot and fnnctionally active. At the 
same time it also becomes more irritable towards direct mechanical 
sliuiiili, and very frequently KbrilUr contmctionn, more or less rhytlimie 
and npjMirently of spontaneous origin, though their causation is ob- 
scure, make their appearance. This phase of heightened sensitiveness 
of a muscle, especially to the constant current, appears to reach its 
maximum, in man at about the seventh week after nervnns impnlsea 
have ceased, owing to injury to the nerves or nervous centre, to reach 
the muscle. 

If the muscle thus deprived of its nervous elements be left to 
itself, its irritability, however tested, sooner or later diminishes ; but 
if the muscle be periodically thrown into contractions by artificial 
stimulation with the constant current, the decline of irritability 
and attendant loss of nutritive power may be postponed for 
considerable time. But, as far as our experience goes at present, 
the artificial stimulation cannot fully replace the natunil one. and 
sooner or later the mnscle. like the nerve, suffers degeneration, loses 
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all irritability, and ultimately its place is taken by connective 
tissue. 

§ 84. The influence of temperature. We have already seen 
that sudden heat (and the same might be said of cold when 
sufficiently intense), applied to a limited part of a ner\'e or muscle, 
as when the nerve or muscle is touched with a hot wire, will 
act as a stimulus. It is, however, much more difficult to gene- 
rate nervous or muscular impulses by exposing a whole nerve or 
muscle to a gradual rise of temperature. Thus, according to most 
observers, a nerve belonging to a muscle * may be either cooled 
to O*' C. or below, or heated to 50® or even 100® C, without dis- 
charging any nervous impulses, as shewn by the absence of con- 
traction in the attached muscle. The contractions, moreover, may 
be absent even when the heating has not been very gradual. 

A muscle may be gradually cooled to 0° C, or below, without 
any contraction being caused ; but when it is heated to a limit, 
which in the case of frog's muscles is about 45^, of mammalian 
muscles about 50°, a sudden change takes place : the muscle falls, 
at the limiting temperature, into a rigor mortis, which is initiated 
by a forcible contraction or at least shortening. 

Moderate warmth, e.g. in the frog an increase of temperature 
up to somewhat below 45® C, favours both muscular and nervous 
irritability. All the molecular processes are hastened and facili- 
tated : the contraction is for a given stimulus greater and more 
rapid, i,e, of shorter duration, and nervous impulses are generated 
Inore readily by slight stimuli. Owing to the quickening of the 
chemical changes, the supply of new material may prove insuffi- 
cient ; hence muscles and nerves removed from the body lose their 
irritability more rapidly at a high than at a low temperature. 

The gradual application of cold to a nerve produces effects 
which differ according to the kind of stimulus employed in testing 
the condition of the nerve ; but it may be stated in general that a 
low temperature, especially one near to 0®, slackens all the molecu- 
lar processes, so that the wave of nervous impulse is lessened and 
prolonged, the velocity of its passage being much diminished, e,g. 
from 28 meters to 1 metre per sec. At about 0® the irritability 
of the nerve disappears altogether. 

When a muscle is exposed to similar cold, e.g, to a tempera- 
ture very little above zero, the contractions are remarkably pro- 
longed ; they are diminished in height at the same time, but not 
in proportion to the increase of their duration. Exposed to a 
temperature of zero or below, muscles soon lose their irritability, 
without, however, undergoing rigor mortis. After an exposure of 
not more than a few seconds to a temperature not much below 
zero, they may be restored, by gradual warmth, to an irritable con- 
dition, even though they may appear to have been frozen. When 

^ The action of cold and heat on sensoiy nenres will be considered in the later 
portion of the work. 
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kept frozen, however, for some few minutes, or when exposed for a 
less time to temperatures of several degrees below zero, their 
irritability is pennftncntly destroyed. When after this they are 
thawed, they are at first supple and, as we have seen, may be made 
to yield muscle plasma; but they very speedily enter into rigor 
mortis of a most pronounced character. 

§ 85. The influence vf blood supply. When a muscle atill 
within the body is deprived by any means of its proper blood 
supply, as when the blood vessels going to it are ligatured, the J 
same gradual loss of irritability and final appearance of rigor I 
mortis are observed as in muscles removed from the body. Thus, 
if tlie abdominal aorta be ligatured, the muscles of the lower 
liuibs lose their irritability, and finally become rigid. So, also, in 
systemic death, when the blood supply to the muscles is cut oil' by 
the cessation of the circulation, loss of irritability ensues, and rigor 
mortis eventually follows. In a human corpse tlie muscles of the 
bod y en ter into rigor mortis in a^xej order : Brat those of the jaw 
and necTCj llieinfiosc ofllie trunk, next those of the arms, and 
lastly those of^tlie legs." The rapidity with which rigor mortis 
comes on after death varies considerably, being determined both by 
external circumstances and by the internal conditions of the body. 
T hus extern al warmth hastens and cold retardgjie.onset After _ 
Seat musciHanSeftronT 'as"Tn^uh t«3^wiimals, and wTien death 
closes wasting diseases, rigor mortis in most cases coiu'es on rapfdlj'. 
As a general rule, it may be said that the later it is in making its 
appearance, the more pronounced it is, and the longer it lasts ; but 
there are many exceptions, and when the state is recognized as 
being fundamentally due to a clotting of the muscle substance, it 
is easy to understand that the amount of rigidity, i.e. the amount 
of the clot, and the rapidity of the onset, i.e. the quickness with 
which clotting takes place, may vary independently. The rapidity 
of onset after muscular exercise and wasting disease may perhaps 
be. in part, dependent on an increase of acid reaction, which ia 
produced under those circumstances in the muscle, for this seems 
to be favourable to the clotting of the muscle plasma. When 
rigor mortis has once become thoroughly eatabliahed in a muscle 
through deprivation of blood, it cannot be removed by any sub- 
seiguent supply of blood. Thus, when the abdominal aorta has 
remained ligatured until the lower limbs have become completely 
rigid, untying the ligature will not restore the nmscles to an 
irritable condition ; the return of the blood stream simply hastens 
the decomposition of the dead tissues by supplying them with 
oxygen, and, in the case of the mammal, with warmth also. ^ 
piuacle, however, may acquire as a whole a certain amount of 
ri ffldity on accounForsom'e' of the fibres becoming rigid, while the 
remainder, though they have lost their irritability, have not yet 
a(lvanced into rigor itiorEis. At i^uch a juncture a renewal of the. 
blood stream may restore the irritability of those fibres which' 
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were not yet rigid, and thus appear to do away with rigor mortis ; 
yet it appears that in sucli cases the fibres which have actually 
become rigid never regain their irritability, but undergo degenera- 
tion. 

Mere loss of irritability, even though complete, if stopping short 
of the actual clotting of the muscle substance, may be with 
care removed. Thus if a stream of blood be sent artificially 
through the vessels of a separated (mammalian) muscle, the irrita- 
bility may be maintained for a very considerable time. On stopping 
the artificial circulation, the irritability diminishes, and in time 
entirely disappears ; if, however, the stream be at once resumed, 
the irritability will be recovered. By regulating the flow, the 
irritability may be lowered and (up to a certain limit) raised at 
pleasure. From the epoch, however, of interference with the normal 
blood stream, there is a gradual diminution in the responses to 
stimuli, and ultimately the muscle loses all its irritability and 
becomes rigid, however well the artificial circulation be kept up. 
This failure is probably in great jiart due to the blood sent through 
the tissues not being in a perfectly normal condition ; but we have 
at present very little information on this point Indeed, with 
respect to the qualUi/ of blood thus essential to the mainteimuce 
or restoration of irritability, our kuowledge is definite with regard 
to one factor only, viz. the oxygen. If blood deprived of its oxygen 
be sent through a muscle removed from the body, irritability, so 
far from being maintained, seems rather to have its disappearance 
hastened. In fact, if v enous blood continues to be driven throu gh 
a muscle, the imtaHlity of the muscle isJ<^L£XBnmnre_ragi^^ 
t^an in the entire" absence of_blood. It would seemlhat Venous 
blood is more injurious than~~none at all. If exhaustion l)e not 
carried too far, the muscle may, however, be revived by a proper 
supply of oxygenated blood. 

The influence of blood supply cannot be so satisfactorily studied 
in the case of nerves as in the case of muscles ; there can, however. 
be little doubt that the effects are analogous. 

S 86. The infiueiite of functional activity. This, too, is more 
easily studied in the case of muscles than of nerves. 

W Iien_ ja_ffluscle w i t hin the body is unused, it wastes; when 
used(_it (within "certafn TTmits) grywa.. Both these facts shew that 
the nutrition of a muscle is favourably affected by its functional 
activity. Part of this may be an indirect effect of the increased 
blood supply, which occurs when a muscle contracts. When a 
nerve going to a muscle is stimulated, the blood vessels of the 
muscle dilate. Hence, at the time of the contraction' more blood 
flows through the muscle, and tliis increased flow continues for 
some little while after the contraction of the muscle has ceased. 
But, apart from the blood supply, it is probable that the ex- 
haustion caused by a contraction is immediately followed by a 
reaction favourable to the nutrition of the muscle ; and this is a 
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reason, possibly the chief reason, why a muscle is increased by use ; 
that is to say, the loss of substauce and energy caused by the 
contraction is subsequently more than made up fur by increased 
metabolism during the following period of rest. 

Whether there be a third factor, whether muscles, for instance, 
are governed by so-called trophic nerves, which affect their nutri- 
tion directly in some other way than by intluencing either their 
blood supply or their activity, must at present be left undecided. 

A muscle, eveu within the body, after prolonged action is 
fatigued, i.e. a stronger stimulus is required to produce the same 
contraction ; in other words, it« irritability may be lessened by 
funct.^onftl flctivity. Whether functional activity, therefore, is m- 
jurious or l*neficial dei)ends on its amount in relation to the 
condition of the muscle. It may be here remarked that as a muscle 
becomes more and more fatigued, stimuli of short duration, such as 
induction-shocks, sooner lose their efficacy than du stimuli of longer 
duration, such as the break and make of the constant current. 

It is worthy of notic e-tJiat a_motor nerv e js far less su scejajlile 
of bem g fafcigued by artificial stimiiTativu. thaa. ia JLJli!J5^e ; iu 
fiict.it'^fiemsextremeiydifficiilt to tire a nerve b y m ere stimula^ 
lioiT. la flirsTltniat poisoned by urariTlhe scmtic nerve may be 
"TCTHuilated continuously with powerful currents for even several 
hours, and yet remain irritable. So long as the urari is produc- 
ing its usual effect, the muscles sheltered by it are not thrown 
into contraction by the stimulation of the nerve, and so are not 
fatigued ; as the effect of the urari passes off, contractions make 
their appearance in response to the stimulation of the sciatic 
nerve, shewing that this, iu spite of its having been stimulated 
for so long a time, has not been exhausted ; and other exiteri- 
ments {loint to a similar conclusiou. It would seem that the 
molecular processes coustitutiug a uervous impulse, unlike those 
constituting a muscular contraction, are of such a nature, or take 
place in such a way, that after the development of one impulse 
the substance of the nerve fibre is at once ready for the develop- 
ment of a second impulse. 

The sense of fatigue of which, after prolonged or unusual exer- 
tion, we are conscious in our own bodies, is probably of complex 
origin, and its nature, like that of the normal muscular sense, of 
which we shall have to speak hereafter, is at present not thoroughly 
understood. It seems to be, in the first place, the result of changes 
in themuscles themselves, but is possibly also caused by changes in 
the nervous apparatus concerned in muscular action, and especially 
in those parts of the central nervous system which are concerned 
in the production of voluntary' impulses. In any case, it cannot he 
taken as an adequate measure of the actual fatigue of the muscles , 
(or a roan who says he is absoluti-ly exhausted may. under excite- 
ment, perform a ver>' Inrge amount of work with his already weary 
muscles. The will^in fact, rarely if ever calls forth the greatest 
cpntmtionrof which the muscles are capable. '"' ~ 
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Absolute (temporary) exhaustion of the muscles, so that the 
atrougest stimuli produce iio contraction, may be productid even 
within the body by artificial stimulation : recovery takes place 
uu rest. Out of the bo-Jy absolute exhaustion takes place readily. 
Here also recovery may take place. Whether in any given cose it 
does occur or not, is determined by the amount of contraction 
causing the exhaustiou, and by the previous condition of the 
muscle. In all cases, recover)- is hastened by renewal (natural or 
artificial) of the blood stream. 

The more rap idly the contractjons fo llow each ot her, the less 
the interval between any iwo cfmtmn tinnn , t , ] \ f , morp rapid the 
_ ex^tanstlon. A certain number of single induction-shocks repeated 
, rapidly, say every second or oftener, bring about exhaustive loss 
I of irritaliility more rapidly than the same number of shocks 
I repeated less rapidly, for instance everj- 5 or 10 seconds. Hence 
I tetanus is a ready means of producing exhaustion. 

In exhausted mnsclea the elasticity is much diminished ; the 

tired muscle returns less readily to its natural length than does 

the fresh one. 

I The exhaustion due to contraction may be the result : — Either 

^of_the consumption of the store of really contractile material 

; present in the mnscTe ; or of the accumnlation^u the tissue 

/ of the products of the act of contraction ; or of both of these 

/ cftuseHT^ ' ~ ' ~^~ " " " 

/ T ji^ restorative influence of rest , in the case of a muscle 

removed from the circulation, may be explained by supposing that, 
during the repose, either the internal changes of the tissue 
manufacture new explosive material out of the comparatively raw 
material already present in the fibres, or the_dLr_gctlyhiirtLul_pro- 
du£U_of the act of contraction undergo changes l)};;_which they lire 
converted into comparatively inert todies. A stream of fregh 
blood may exert its reiitorative inlluonce not only by i|iiickening 
tHe"aLove two events, but also by carrying off the ininicdiate waste 
jJroJIiicls, whQe at th e same t ime it b ring s ne w raw niiite naTT Tl is 
nolltnown to what extent each~trftEese parts~ia played. That the 
product* iif contraction are exhausting in their effects, is shewn by 
the facts that the injection of a solution of the muscle-extractives 
into the vessels of a muscle ]iroduce8 exhaustion, and that exhausted 
muscles are recovered by the simple injection of inert saline 
solutions into tlieir blood vessels. But the matter has not yet been 
fully worked out. 

One imjwrtant element brought by fresh blood is oxj-gen. Tliis, 
AS we have se*n, is not necessary for the carrying out of the actual 
contraction, nijd yetjs. essential to the maintenan ce of irritabilit y. 
The oxygen absorhcd by the mnsclu apparently enters m some 
peculiar way into the fonnution of that complex explosive material 
the decomposition of which in the act of contraction, though it 
gives rise to carlMinic acid and other products of oxidation, is not 
m itself a process of direct oxidation. 



SEC. 6. THE ENERGY OF MUSCLE AND NEBVE, AND 
THE NATURE OF MUSCULAR AND NERVOUS ACTION. 



§ 87. We may briefly recapitulate some of the chief results 
arrived at in the preceding pages as follows. ^ iV^ 

A muscular coutraction itself is essentially a translocation of ^ 
molegPTe s, a cliaujVe jjf^Eorm not of bulk. We cannot, however, say ' 
anything definite as to the nature of this translocation or as to 
the way in which it is brought about. For instance, we cannot 
satisfactorily explain the connection between the striation of a mus- 
cular fibre and a muscular contraction. Nearly all rapidly contract- 
ing muscles are striated, and we must suppose that the striation ia 
of some use; but it is not essential to the carrying out of a 
contraction, for, as we shall see, the contraction of a non-striated 
muscle is fundamentally the same as that of a striated muscle. But 
whatever be the exact way in which the translocation is effected, it 
is in some way or other the result of a chemical change, of an 
explosive decomposition of certain jmrts of the muscle substance. 
The energy which is expended in the mechanical work done by the 
muscle has its source in the energy latent in the muscle substance, 
and set free by that explosion. Concerning the nature of that ex- 
[^•losioQ we only know at present that it results in the production 
or"car1jdiiic acid and in an increase of the acid reaction, and that 
lieatjs set free as Well as the specific muscular enei^y. There is 
n generat" parallelism between the extent of metabolism taking 
place, and the amount of enei^y set free; the greater the de- _, 
velopmentof^carljonic acid, the larger is the contraction' and" the n^ 
higTi er the temperat ure. - _ . . //^ 

Tt IS important to remember that, as we have already urged, 
relaxation, the return to the original length, is an essential 
part of the whole contraction no less than the shortening itself. 
It 13 true that the return to the original length is assisted by the 
stretching exerted by the load, and, in the case of muscles within 
the living body, is secured by the action of antagonistic muscles or 
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by various anatomical relations ; but the fact that the completeness 
and rapidity of the return are dependent on the condition of the 
muscle, — that is, on the complex changes within the muscle, mak- 
ing up what we call its nutrition, th^ tired muscle relaxing much 
more slowly than the untired mus cie7 — shews that the relaxation 
IS i\ie in the main to mlrinsic processes going on in the muscle 



itself, processes which we might characterize as the reverse of 
those of contraction. In fact, to put the matter forcibly, adopt- 
ing the illustration used in § 57, and regarding relaxation as 
a change of molecules from a * formation ' of one hundred in 
two lines of fifty each, to a formation of ten columns each 
ten deep, it would be possible to support the thesis that the 
really active forces in muscle are those striving to maintain the 
latter formation in columns, and that the falling into double lines, 
that is to say the contraction, is the result of these forces ceasing to 
act ; in other words, that the contracted state of the muscular fibre 
is what may be called the natural state, that the relaxed condition 
is only brought about at the expense of changes counteracting the 
natural tendencies of the fibre. Without going so far as this, how- 
ever, we may still recognize that both contraction and relaxation 
are the result of changes which, since they seem to be of a chemical 
nature in the one case, are probably so in the other also. And 
though in the absence of exact knowledge it is dangerous to specu- 
late, we may imagine that these chemical events, leading to 
relaxation or elongation, are of an opposite or antagonistic character 
to those whose issue is contraction. 

It has not been possible hitherto to draw up a complete equa- 
tion between the latent energy of the material, and the two forms 
of actual energy set free, heat and movement. The proportion of 
energy given out as heat to that taking on the form of work 
varies under different circumstances ; and it would appear that on 
the whole a muscle would not be much more efficient than a 
steam-engine in respect to the conversion of chemical action into 
mechanical work, were it not that in warm blooded animals the 
heat given out is not, as in the steam-engine, mere loss, but, by keep- 
ing up the animal temperature, serves many subsidiary purposes. It 
might be supposed that in a contraction by which work is actually 
done, as compared with the same contraction when no work is 
done, there is a diminution of the increase of temperature corre- 
sponding to the amount of work done ; that is to say, that the 
mechanical work is done at the expense of energy which other- 
wise would go out as heat. Probable as this may seem it has not 
yet been experimentally verified. 

Of the exact nature of the chemical changes which underlie a 
muscular contraction we know very little, the most important fact 
being that the contraction is not the outcome of a direct oxidation, 
but the splitting up or explosive decomposition of some complex 
substance or substances. The muscle does consume oxygen, and 
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the pnxliicts of muscular inetnbolism are, in the ends, products of 
(ixiduUou, but the oxygeu npiiears to be introduceil uot at the 
moment of explosion, but at some earlier date. As to the real 
nature of this explosive material, we are as yet in tlie dark ; we do 
not know for certain whether we ought to regard it as a single 
substance (in the chemical sense), or as h mixture of more 
substances than one. We may, however, perhaps be allowed pro- 
visionally to speak of it at all events as a single substance and to 
call it ' contractile ma f^ri i ^j^^-Ql^ '^^ ""^y adopt a term which has 
been suggested, and call it/liui^en. 

We shall have occaition to point out, lat«r on, that the living 
substance of certain cells is able to manufacture and to lodge in the 
substance of the cell relatively considerable quantities of fut, where- 
by the cell becomes a fat cell, the fat so formed and lodged being 
aubsequentlj', by some means or other, discharged from the cell. 
We shall also have 'x^casion to point out that, in a somewhat similar 
way, the living material of certain gland cells manufactures and 
Iixlges in itself certain substances which, when the cell ' secretes,' ' 
undergo more fir less change and are ejected from the cell. These 
substances appear to be products of the activity of the living sub- 
stance of the cell, and to \w so relatod to that living substance that, 
though discontinuous with it, and merely lodged in it, they are still 
capable of being so iuHuenced by it as to undergo change more or 
less sudden, more or less profound. And we may, resting on the i 
analf^y of these fat cells and gland cells, suppose that the living I 
substance of the muscle manufactures and lodges in it«elf this / 
contractile material, or inogen, which is capable of being so in- 
fluenced by the living substance as to undergo an explosive ] 
de^jom position. But we here meet with a difficulty. 

The muscular fibre as a whole is eminently a nitr<^nouB proteid 
body ; the muscular fibres of the brjdy form the greater part of the 
whole prot«id mass of the body. Moreover, the ordinary continued 
metabolism of the muscular fibre as a whole is essentially a nitro- 
genous metabolism; as wo shall have to point out later on, the 
muscles undoubtedly supply a great part of that lai^e nitrogenous 
waste which npjiearv in the urine a^ urea ; the nitnigenous nieta- 
holisni of the muscle during the twenty-four hours must, tlwrefore, 
he considerable, and under certain circumstances, as for instance 
during fever, this nitrogenous metabolism may be still further 
largely increased 

On the other hand, as we have already said, the evidence so 
far goes to shew that the act of contraction, t he explosive tjecop |- 
poaition (j f thp inr jgen. does not increase the nitrog enous metabolism *- ' •■•^••r 
' ,01 tag mnacleT Shall we conclude, then, that theTn^n is essen- 
[ tially a non-nitrogenous body lodged in the nitrogenous muscle 
•ubatance? Notonly havt- we no positive evidence of this, but the 
analogy between contrartiim and rigor mortis is directly opposed to 
Such a view ; tor it is almost impossible lo resist the conclusion that 
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til* fcluff wLi'.Ji jrivfet rist to th*? luvrwin cloi. the caitit>iiic acid, and 
lii/;tk a/;id, vr 'AL*;r acrid-pr->iTiciiig s^ubsuiioe-s of ri^cir iuctos, is 
lh<? haiii<r fctuH' which ^ives ri«j^ tO the carl:»anic ficid and lactic 
ai/;id, or ^Ah<irr a/rid-pnAiucing i?ubstanoes of a c-cntrajctaoiL The 
diflV?r<^ij<;<r J>?lw<3eij the two seeui-s to be that in the e^jntraction the 
lihr^fiiituow^ pr'>iuct '^f the decoiuj>osition of the inc^en does not 
'A\t\i^,iir ikH h^AiA. uiyokiu, but assumes the form of some soluble 
jy|'/l«;id. The im[K^rtant few,! concerning the two acts, rigor mortis 
ah'i fytthimt'Xiou, in t}iat, while the great non-nitrogenous product 
of th'j d<5^:o«i[y>jjition of the iuogen, viz. carbonic acid, is simple 
WHHUi inatu^r '^^^utaining no energy', fit only to be cast out of the 
hiMly at owM (and the same is nearly true of the other non-nitro- 
^enouM pro^iuct, la/rtic acid), the nitrogenous product, being a 
IfWUiid, in Htill a btxly a^ntaiuing much energy, which in the case 
of the living muscle may, after the contraction, be utilized by the 
iiiUHch; itK4;lf or, l>eitig carried away into the blood stream, by 
H^iUie other partH of the body. 

But if iU'iH view l>e correct, the ordinary metabolism going on 
while th($ niuHcle is at rent must differ in kind as well as, and per- 
hupH more than, in degree from the metabolism of contraction ; for 
the former, uh we have ju8t said, is essentially a nitrogenous meta- 
holiHm, largely contributing to the nitrogenous waste of the body 
at large. 

Wlicther in the naiHclc at rest this nitrogenous metabolism is 
rondiuMl to that part of the muscle in which the inogen is lodged, 
and (Uh'h not involve the inogen itself, or whether the inogen as well 
UH i\u'. n'Mt of the fibre undergoes metabolism when the muscle is at 
rent, going olF in pull's, ho to speak, instead of in a large explosion, 
itM nit rognnous factors IxMng at the same time involved in the 
change, an^ <)ur.HtionH which we cannot at present settle. 

§ 88. While, in niuscU'. the chemical events are so prominent that 
WM rannot help ronsidering a niufjcular contraction t ojbe essentially 
a chnniical process, with electrical changes as attend ant phenomena 
only, lln^ case is different with ner\'es. Here the electrical plieno- 
niena coniph^tely (»vershadowed the chemical. Our knowledgeof the 
chemiNiry of nerves is at present of the scantiest, and the little we 
know as t(» tht^ chemical changes of ner\'ous substance is gained by 
(he rtludy of the central nervous organs rather than of the nerves. 
\\\^ thuTlhat the irritability of the former is closely dependent on 
t4U adetjuatt^ sui)ply i>f oxygen, aiul we may infer from this that in 
ue|-vo\iH as in muscular substance a metabolism, of in the main an 
uxiilative chanu'ter. is the n»ul cause of the development of energy ; 
luul the a\i>» cvlinder, which, as we have seen, is most probably the 
uctivo element of a mTve-tibiv. undoubtedly n»sembles in many of its 
ehomii'al feut un^s t he substance of a muscular tibre. But we have as 
yet no >«itij* factory experimental evidence that the j^assage of a 
ucrvouiA impulse along a nerve is the n»sult, like the contraction of a 
muHcular wv\\ of chemical chang\.'s, and like it accompanied by an 
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evolution of heat On the other hand, the electric phenomena are so 
prominent that some have been tempted to regard a nervous impula^ 
as essentially an electrical change ; and this view is supported by 
the facts mentioned above (§ 86) as to tlie lierVS' not j ^igg 
fatigued by work. But it must be remembered that the actual 
energy set free in a nervous impulse is, so to speak,. insignificant, 
so that chemical changes too slight to be recognized by the means 
at present at our disposal would amply suffice to provide all the / 
energy set free. On the other han d> the rate of transmission of ^ \ 
nervous impuls e, putting aside other features, is^lone , q.uffimeot / 
to prove that it is something quitfi- different from an ordinary ' 
electric curre nt. I 

The curious disposition of the end-plates, and their remarkable 
analogy with the electric organs which are found in certain animals, 
has suggested the view that the passage of a nervous impulse from 
the nerve fibre into the muscular substance, is of the nature of an 
electric discharge. But these matters are too difficult and too 
abstruse to be discussed here. 

It may, however, be worth while to remind the reader that in 
every contraction of a muscular fibre, the actual change of form is 
preceded by invisible changes propagated all over the fibre, and 
that these changes resemble in their features the nervous impulse 
of which they are, so to speak, the continuation rather than the 
contraction of which they are the forerunners, and to which they 
give rise. So that a muscle, even putting aside the visible termi- 
nations of the nerve, is fundamentally a muscle and a nerve 
besides. 



SEC. 7. ON SOME OTHER FORMS OF CONTRACTILE 

TISSUE. 



Plain, Smooth, or Unstriated MiisctUar Tissue. 

§ 88. This, in vertebrates at all events, rarely occurs in isolated 
masses or muscles, as does striated muscular tissue, but is usually 
found taking part in the structure of complex organs, such, for 
instance, as the intestines ; hence the investigation of its proper- 
ties is beset with many difficulties. 

It is usually arranged in sheets, composed of flattened bundles 
or bands bound together by connectivelbissue carrying blood vessels, 
lymphatics and nerves. Some of these bundles of oands mayHSe 
split up into smallef bands, similarly united to each other by con- 
nective tissue, but in many cases the whole sheet being thin is made 
up directly of small bands. Each small band is composed of a 
number of elementary fibres or fibre cells, which, in a certain sense, 
are analogous to the striated elementary fibres, but in many 
respects differ widely from them. 

Each unstriated elementary fibre is a minute object, from 50 fi 
to 200 /i in length, and from 5 /l^ to 10 /l^ in breadth ; it is, therefore, 
in size, of a wholly different order from a striated fibre. It is fusi- 
form or spindle-shaped, somewhat flattened in the middle, and 
tapering to a point at the ends, which in some cases are branched ; 
but the exact form of the fibre will differ according as the muscle 
is in a state of contraction or relaxation. 

Midway between the two ends and in the centre of the fusiform 
body lies a nucleus, which, in a normal condition, is elliptical in out- 
line, with its long axis lying lengthwise, but which under the 
influence of reagents is very apt to become rod-shaped ; hence in 
prepared specimens the presence of these rod-shaped nuclei is very 
characteristic of plain muscular tissue. 

The nucleus has the ordinary characters of a nucleus, and very 
frequently two nucleoli are conspicuous. Around the nucleus is 
gathered a small quantity of granular protoplasm, like that 
around the nuclei of a striated fibre, and this is continued along 
the axis of the fibre for some distance from each pole of the 
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Bucleos, graduallj tapering awfty, and sq forming a slender granular 
core tu the median portion of the fibre. 

The rest of the fibre, forming its chief part, is cnrnpased of a 
transparent but somewhat refractive substance, whicli is either 
homogeneous or eshibits a delicate longitudinal fibrillation ; this is 
the muscle substance of the fibre, and corresponds to the muscle 
snbstance of the striated fibre, but is not striated. Sometimes 
the wliole fibre \» thrown into a series of transverse wrinkles, which 
give it a striated appearance, but this is a very different striation 
from that produced by an alternation of dim and bright bands. 
No such alternation of bands is to be seen in the plain muscular 
fibre; the whole of the snbstanue of the fibre around the nnclens 
and core is homogeneous, or at least exhibits no differentation be- 
yond that into fibrilhe and interfibrillar substance, and even this 
distinction is doubtful. 

The fibre has a sharp, clear outline, but is not limited by any 
distinct sheath corresponding to the sarcolemma, at least according 
to most observers. 

It is obvious that the plain muscular fibre is a nucleated cell, 
the cell-substance of which has become differentiated into con- 
tractile substance, the cell otherwise being but slightly changed ; 
whereas the much larger striated fibre is either a number of cells 
fused together, or a cell which has undei^one multiplication in bo 
far that its nucleus has given rise to several nuclei, but in which no 
division of cell-substance has taken place. 

A number of such fusiform nucleated cells or fibres or fibre 
cells are united together, not by connective tissue but by a peculiar 
proteid cement substance, into a flat band or bundle, the tapering 
end of one fibre dovetailing in between the bodies of other fibres. 
So long as this cement substance is intact, it is very difficult to 
isolate an individual fibre, but various reagents will dissolve or 
lessen this cement, and then the fibres separate. Sometimes the 
surface of the cell is not smooth, but tlirown lengthwise into 
ridges, the ridges of one cell abutting on those of its neighbours ; 
in such cases, the amouut of cement substance seems scanty. 

Small, flat bands, thus formed of fibres cemented together, are 
variously arranged by means of connective tissue, sometimes into a 
plexus, sometimes into Uiicker, larger bands, which in turn may be 
bound up, as we have said, into sheets of varying thickness. 

In the plexus, of course, the bands run in various directions, 
but in tlie sheets, or membranes, tliey follow for the most part the 
same direction, and a tliin, transverse section of a somewhat thick 
iheet presents a number of smaller or larger areas, corresponding 
to the smaller or larger bands which are cut across. The limits 
of each area are more or less clearly defined by the connective 
tissue. Id which blood vessels may be seen, the area itself being 
composed of a number of oval outlines, the sections of the flattened 
individual fibres; in hardened specimens, the outlines may from 
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mutual pressure appear polygonal. In the ceutre of some of these 
sections of fibres the nucleus may be seen, but it will, of course, be 
absent from those fibres in the which plane of section has passed 
either above or below the nucleus. When a thin sheet of plain 
muscle is spread out or teased out under the microscope, the 
bands may also be recognised, and at the torn ends of some of 
the bands the individual fibres may be seen projecting after the 
fashion of a palisade. 

Blood vessels and lymphatics are carried by the connective 
tissue, and form capillarj' networks and lymphatic plexuses round 
the smaller bands. 

§ 90. The arrangement of the nerves in unstriated muscle differs 
from that in striated muscle. Where as i n striated muscle me - 
duUat ed fibres conaing^ direct Jrora" the anterior roots of spinal 
nerves'prectomiiiate, in plain muscle n on -meduTl ated'BftTgs ar e' most 
abundant ; iu fact, the nerves going to plain muscles are nbl oiHy 
'small, but are almost exclusively composed of uon-medullated fibres, 
a nd eome to the muscl e fr om the so-called sy mpathetic S3'a t£m. 
Passiny intone connective tissue laetween tTie bundles, the nerves 
divide, and, joining again, form a plexus around the bundles ; 
that is to say, a small twig, consisting of a few or perhaps only 
one axis-cjhiider, coming from one branch, will run alongside of or 
join a similar small twig coming from another branch ; the indivi- 
dual axis-cylinders, however, do not themselves coalesce. From such 
primary plexuses, in which a few medullated fibres are present 
among the non-medullated fibres, are given off still finer, " inter- 
mediate ' plexuses, consisting exclusively of non-medullated fibres ; 
these embrace the smaller bundles of muscular fibres. The 
branches of these plexuses may consist of a single axis-cylinder, or 
may even be filaments corresponding to several, or to a few only, 
of the fibrillce of which an axis-cylinder is supposed to be 
composed. From these intermediate plexuses are given off single 
fibrillae, or very small bundles of fihrilhe, which, running iii the 
cement substance between the individual fibres, f orm a fine.Jiet- 
work around the individual fibres, which network differs from tlie 
plexuses just spoken of inasmuch as some of the filaments com- 
posing it appear to coalesce. The ultimate ending of this network 
has not yet been conclusively traced; but it seems p robable 
that fibrils from the network terminate in small knobs, or sw ellings . ' 
lying on the substance of the muscular fibres, somewhat aft er tue 
fashion of minute end-plates. 

A similar termination of nerves in a plexus, or network, is met 
with in other tissues, and is not confined to non-medullated fibres. 
A medullated fibre may end in a plexus, and when it does so loses 
first its medulla and subsequently its neurilemma, the plexus 
becoming ultimately like that formed by a non-medullated fibre, and 
consisting of attenuated axis -cylinders with thickenings, and some- 
times with nuclei, at the nodal points. 
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§ 91- So far as we know, plain muscular tissue in its chemical 
features rusemblea^ striaUid muscular tissue. Tl contains albuuilii, 
some forma of globulin, and antecedents of lujosin which upon the 
death of the fibres become myosin; for plain umscnlar tissue after 
death becomes rigid, losing its extensibility, and probably becoming 
acid, though the acidity is nut su marked as in striated muscle. 
Kreatin has also been found, as well ns glycogen, and, indeed, it 
seems probable that the whole metabolism of plain muscular tissue ' 
is fundamentally the same as that of the striated muscles. 

§ 92. In their general physical features plain muscular fibres j 
also resemble striated fibres, and like them they are irritable and ' 
contractile; when stimulated they contract. The fibres vary in 
natural length in different situations, those of the blood vessels, for 
instance, being shorter and stouter than those of the intestine ; but 
in the same situation the fibres may also be found in one of two 
diSerent conditions. In the one case the fibres are long and thin ; 
ill the other case they are reduced in length, it may be to one half 
or even to one third, and are correspondingly thicker, broader 
and less pointed at the ends, their total bulk remaining unaltered. ' 
In the former case they are relaxed or elongated ; in the latter case 
they are contracted. 

The facts of the contraction of plain muscular tissue may be 
studied in the intestine, the muscular coat of which consists of an 
outer thin sheet, composed of fibres and bundles of fiba's disposed 
longitudinally, and of an inner, much thicker sheet of fibres disposed 
circularly ; in the ureter a similar arrangement of two coats obtains. 

If a mechanical or electrical (or indeed any other) stimulus be ' 
brought to bear on a part of a fresh, living, still warm intestine (the , 
small intestine is the best to work with), a circular contraction is ' 
seen to take place at the spot stimulated ; the intestine seems \ 
nipped in ringwise, as if tied round with an invisible cord ; and the 
part so constricted, previously vascular and red, becomes pale and 
bloodless. The individual fibres of the circular coat in the region 
stimulated have each become shorter, and the total effect of the 
shortening of the multitude of fibres, all having the same circular 
disposition, is to constrict or narrow the lumen or tube of the in- 
lestina The longitudinally disposed fibres of the outer longitudinal 
coat in a similar manner contract or shorten in a longitudinal 
direction, but this coat being relatively much thinner than the 
circular coat, the longitudinal contmction is altogether over- 
shadowed by the circular contraction. A similar mode of contrac- 
tion is abo seen when the ureter is similarly stimulated. 

The contraction thus induced is preceded by a very long latent 
period, and lasts a very considerable time, — in fact several seconds, 
after which relaxation slowly take^ place. We may say, then, that 
over the circularly dispersed fibres of the intestine (or ureter) at 
the spot in question there has [tasaed a contraction-wave remarkable 
for its long latent period, and for the slowness of its development, 
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the wave being propagated from fibre to fibre. From the spot so 
directly stimulated, the contraction may pass also as a wave (with 
a length of 1 cm. and a velocity of from 20 to 30 millimetres a 
second in the ureter) along the circular coat both upwards and 
downwards. The longitudinal fibres at the spot stimulated are, as 
we have said, also thrown into contractions of altogether similar 
character, and a wave of contraction may thus also travel longitudi- 
nally along the longitudinal coat both upwards and downwards. 
It is evident, however, that the wave of contraction of which we are 
now speaking is in one respect different from the wave of contrac- 
tion treated of in dealing with striated muscle. In the latter case 
the con traction- wave is a simple wave, propagated along the in- 
dividual fibre and starting from the end-plate, or, in the case of 
direct stimulation, from the part of the fibre first affected by the 
stimulus ; we have no evidence that the contraction of one fibre 
can communicate contraction to neighbouring fibres, or, indeed, in 
any way influence neighbouring fibres. In the case of the intestine 
or ureter, the wave is complex, being the sum of the contraction- 
waves of several fibres engaged in different phases, and is propagated 
from fibre to fibre, both in the direction of the fibres, as when the 
whole circumference of the intestine is engaged in the contraction, 
or when the wave travels longitudinally along the longitudinal coat, 
and also in a direction at right angles to the axes of the fibres, as 
when the contraction-wave travels lengthways along the circular 
coat of the intestine, or when it passes across a breadth of the 
longitudinal coat ; that is to say, the changes leading to contraction 
are communicated not only in a direct manner across the cement 
substance, uniting the fibres of a bundle, but also in an indirect 
manner, probably by means of nerve fibres, from bundle to bundle 
across the connective tissue between them. Moreover, it is obvious 
that even the contraction-wave which passes along a single un- 
striated fibre differs from that passing along a striated fibre, in 
the very great length both of its latent period, and of the duration 
of its contraction. Hence, much more even than in the case of a 
striated muscle, the whole of each fibre must be occupied by the 
contraction-wave, and, indeed, be in nearly the same phase of the 
contraction at the same time. 

Waves of contraction thus passing along the circul ar and longi - 
tudinal coats of the intestine constitute what is called j)eristaltic 
action. "** " '" 

Like the contractions of striated muscle, the contractions of 
plain muscles may be started by stimulation of nerves going 
to the part, the nerves supplying plain muscular tissue, running 
for the most part, as we have said, in the so-called sympathetic 
system, but being, as we shall see, ultimately connected with 
the spinal cord or brain. Here, however, we come upon an im- 
portant distinction between the striated skeletal muscles, and 
the plain muscles of the viscera. As a general rule the skeletal 



muac lea a re thro wn inU) contraetiou only by nervous impulses 
tencliinij jEEem"^aloiig~ineir~nErves~;' spoutaneQua movements ot f 
thf skeletaTmuscIesrihllL Ih, uuutrac lions arising out of ebani^es ) 
in llie muscles themselves are extremely rare, and when they j 
occur are abnormal; so-called 'cramps,' for instance, which are ' 
prolonged tetanic contractions of skeletal muscles independent of 
llie will, though their occurrence is largely due to the condition of 
the muscle itself, generally the result of overwork, are probably 
actually started by nervous impulses reaching them from without. 
Uii the other hand, the plain muscles of the viscera, of the intestine, 
uterus and ureter, for instance, and of the blood vesaela, very fre- 
quently fall into contractions, and ao carry out movements of the 
organs to which they belong rjuite independently of the central 
nervous system. These organs exhibit 'spontaneous' movements 
quite apart from the will, quite apart from the central nervous 
system, and under favourable circumstances continue to do this for 
some time after they have been entirely isolated and removed from 
the body. So slight indeed is the connection between the move- 
iiieuts of oigana and parts supplied with plain muscular fibres, and 
the will, that these muscular fibres have sometimes been called 
involuntary muscles; but this name is undesirable since some 
musclea, consisting entirely of plain muscular fibres {e.g. the ciliary 
muscles by which the eye is accommodated for viewing objects at 
different distances), are directly under the influence of the will, 
and some musclea composed of .ttriated fibres, («.</. those of the 
heart) are wholly removed from the influence of the will. 

We shall best study, however, the facts relating to the move- 
ments of parts provided with plain muscular fibres when we come 
to consider the parts themselves. 

Like the skeletal musclea, whose nervous elements have been 
rendered functionally incapable (§ 78), plain muscles are much 
more sensitive to the making and breaking of a constant current 
than to induction-shocks ; a current, when very brief, like that of 
su induction -shock, produces little or no effect. 

The plain muscles seem to be remarkably susceptible to the 
influences of temperature. Wlien exposed t4i low temperatures 
they readily lose the jMiwer of contracting; thus the movements 
of the intestine are said to cease at a temperature below 19° C. 
Variations in temperature have also very marked effect on the 
duration and extent of the contractions. Associated probably 
with this susceptibility is the rapidity with which plain muscular 
fibres, even in cold blooded vertebrates, lose their irritability 
after removal from the body and severance from their blood- 
aupply. Thus while, as we have seen, the skeletal muscles nf a 
frog can be experimented upon for many hours (or even for two 
or three days) after removal from the iKxly. and the skeletal 
muscles of a mammal for a much less but still considerable time, 
it is matter of very great difficulty to secure the coatinuance of 
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movements of the intestine or of other organs supplied with plain 
muscular fibres, even in the case of the frog, for any long period 
after removal from the body. 

The contraction of plain muscular fibres is, as we said, very slow 
in its development and very long in its duration, even when started 
by a momentary stimulus, such as a single induction-shock. The 
contraction after a stimulation often lasts so long as to raise the 
question, whether what has been produced is not a single contrac- 
tion but a teta^ius. Tetanus, however, that is, the fusion of a series 
of contractions, seems to be of rare occurrence, though probably it 
may be induced, in plain muscular tissue ; but the ends of tetanus 
are gained by a kind of contraction which, rare or at least not 
prominent in skeletal muscle, becomes of great importance in plain 
muscular tissue, by a kind of contraction called a tonu contraction. 
The subject is one not without difficulties, but it would appear that 
a plain muscular fibre may remain for a very considerable time in 
a state of contraction, the amount of shortening thus maintained 
being either small or great : it is then said to be in a state of 
tonic contraction. This is especially seen in the case of the plain 
muscular tissue of the arteries, and we shall have to return to this 
matter in dealing with the circulation. 

The muscular tissue which enters into the construction of the 
heart is of a peculiar nature, being on the one hand striated, and 
on the other in some respects similar to plain muscular tissue ; but 
this we shall consider in dealing with the heart itself. 

Ciliary Movement. 

§ 93. Nearly all the movements of the body which are not due 
to physical causes, such as gravity, the diffusion of liquids &c., are 
carried out by muscles, either striated or plain ; but some small 
and yet important effects in the way of movement are produced 
by the action of cilia, and by those changes of form which are 
called amoeboid. 

Cilia are generally appendages of epithelial cells. An epithelium 
consists of a number of cells, arranged in a layer, one, two or more 
cells deep, the cell-bodies of the constituent cells being in contact 
with each other, or united merely by a minimal amount of cement 
substance, not separated by an appreciable quantity of intercellular 
material. As a rule no connective tissue or blood vessel passes 
between the cells, but the layer of cells rests on a basis of vascular 
connective tissue, from which it is usually separated by a more or 
less definite basement membrane, and from the blood vessels of 
which its cells draw their nourishment. The cells varj^ in form, 
and the cell body round the nucleus may be protoplasmic in 
appearance, or may be differentiated in various ways. An epithe- 
lium bearing cilia is called a ciliated epithelium. Various passages 
of the body, such as, in the mammal, parts of the nasal chambers 
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and of the respiratory and generative passages, are lined with 
ciliated epithelium, and by the action of cilia, fluid containing 
various particles and generally more or less viscid is driven 
outwards along the passages towards the exterior of the body. 

A typical epithelium cell, such as may be found in the trachea, 
is generally somewhat wedge-shaped with its broad end circular 
or, rather, polygonal in outline, forming part of the free surface 
of the epithelium, and with its narrow end. which may be a blunt 
point or may be somewhat branched and irn-gular, plunged among 
smaller subjacent cells of the epithelium, or reaching to the con- 
nective tissue l)eIow. 

The cell-body is, over the greater part of its extent, composed 
of protoplasmic substance with the usual granular appearance. 
At about the lower third of the cell is placed, with its long axis 
vertical, an oval nucleus, having the ordinary characters of a 
nucleus. So far the ciliated cell resembles an ordinary epithelium 
cell; but the free surface of the cell is formed by a layer of 
hyaline transparent somewhat refractive substance, which, when 
the cell is seen, as usual, in profile, appears as a hyaline refrac- 
tive band or border. X^"?" this border there project outwajdj 
variable nu mber, 10 to 30. delicate, tajferliig, hair-like ^lamenja, 
yatj^g in leng^thT^ut ginerally about a tj^mirter or a thirff as 
lofi)' as TTie^ cell itself ; yiese are the cilia. Immediately below 
this hyalme 'l>order the cell -substance often exhibits more or less 
distinctly a longitudinal striation, hne lines passing down from 
the hyaline border towards the lower part of the cell-substance 
round the nucleus. The hyaline border itself usually exhibits a 
striation as if it were split up into blocks, each block corresiK>nd- 
ing to one of the cilia, and careful examination leads to the 
conclusion that the hyaline border is realty composed of the fused 
thicker basal parts of the cilia. 

The cell-body has no distinct external membrane or envelope, 
and its sub.'itance is in close contact with that of its neighbours, 
being united to them either by a thin layer of some cement 
substance, or by the simple cohesion of their respective surfaces. 
At all events, the cells do cohere largely together, and it is difficult 
to obtain an isolated living cell, though the cells may be easily 
separated from each other when dead by the help of dissociating 
fluids. When a cell is obtained isolated iu a living state, it is 
very fre<iuently found to have lost its wedge shape and to have 
become more or less hemispherical or even spherical ; under the 
unusual conditions, and freed from the support of its neighbours, 
the cell-body changes its form. 

The general characters just described are common to all 

ciliated epithelium cells, but the cells in diflerent situations vary 

in certain particulars, such as the exact form of the cell-body, the 

number and length of the cilia, &c. 

§ M. Ciliary action, in tlie form in which it is most common 
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in mammals and. indeed, vertebrates, consists in the cilium {i.c. the 

tapering filament spoken of above) being at one moment straight 

or vertical, at the next moment being bent down suddenly into a 

hook or sickle form, and then more slowly returning to the straight 

erect position. When the cilia are vigorous, this double move- 

toent is repeated with very great rapidity, so rapidly that the 

individual movements cannot be seen ; it is only when, by reason 

of fatigue, the action becomes slow that the movement itself can 

be seen ; what is seen otherwise is simply the effect of the 

M: movement The movements when slow have been counted at 

jL/ . about eight (double movements) in a second ; 42robttbly_w]ien 

■ r^ ' vgorouB theyare^repeated from tw elve to twentj time.'; a sR cond. 

j.JLa^^-^ ^]ig Qexiou takes place in one direction only, and all the cilia 

/ of each cell, and, indeed, of all the cells of the same epithelium 

J move in the same direction. Moreover, the same direction is 

■ / maintained during the whole life of the epithelium ; thus the cilia 
f of the epithelium of the trachea and bronchial passages move 
I during the whole of life in such a way as to drive the fluid lying 
upon them upwards towards the mouth ; so far as we know in 
vertebrates, or at least in mammals, the direction is not and cannot 
by any meaus be reversed. 

The llexion is very rapid but the return to the erect position 
is much slower ; hence the total eiJect of the blow, supposing the 
cilium and the cell to be fixed, is to drive the thin layer of fluid in 

I which the cilium is working, and which always exists over the 

epithelium, and any particles which may be floating in that fluid 
in the same direction as that in which the blow is given. If the 
cell be not attached, but floating free, the effect of the blow may 
be tfl drive the ceU itself backward; and when perfectly fresh 
ciliated epithelium is teased out and examined in an inert fluid 
such as uormal saline solution, isolated cells or small groups of 
cells may be seen rowing themselves about as it were by the 
action of their cilia. 
All the cilia of a cell move, as we have just said, in the same 
direction, but_not quite at the same time. If we call the side of 
the cell towards whicb the cilia bend tHe front of the cell and the 
opposite side the back, the cilia at the back move a trifle be_fore 
those at the front so tliat tlie movement runs over the cell in th e 
direction of the movement itself. Similarly, takiiig any one cell, 
the cilia of the cells behind it move slightly before, and the cilia 
of the cells in_front of it slightly after, Its own cilia move. Hence, 
in this way along a whole stretch of epitEelium tlic iiKiveiueut_or 
hendiiig_of_the_cilia sweeps over the surface in ripples or waves, 
very mucH as, when the wind blows, similar Waves oTTiendnrg 
sweep over a field of com or tall grass. By this arrangement the 
efficacy of the movement is secured, and a steady stream of fluid 
carrying particles is driven over the surface in a uniform continued 
direction ; if the cilia of separate cells, and still more if the 
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6e]>aTate cilia of each cell, moved independeully oF the others, all 
that would be produced would be a series of minute ' wobbles,' uf 
as little une for driving the Huid definitely ouwards as the efforts 
of a boat's crew all rowing out of time are for propelling the boat. 

Sw[ft bendin g and slower 8traiBlit«ning is the form of ciliary 
jpovement g enerally met with in the ciliated epithelium of mam- 
mals and, indeed, of vertebrates ; but among the invertebralea we 
liud other kinds of movement, such as a to and fro movement, 
equally rapid in both directions, a cork-screw movement, a simple 
iindulatory movement, and many others. In each case Uie kind of 
movement seems adapted to secure a special end. Thus even in 
the mammal while the one-sided blow of the cilia of the epithelial 
cells secures a How of fluid over the epithelium, the tail of the 
spermatozoon, which is practically a single cilium, by moving to 
and fro in an undulatory fashion drives the head of the sperma- 
tozoon onwards in a straight line, like a boat driven by a single 
oar worked at the stem. 

\Vb^and exactly how the cilium of the epitheUul cells bends 
swiftl yaiid straight ensjilowly. always acting in the same direction', 
is a problem ditHcu It at present to answer fully. Some have thought 
that the body o f the cell js contractile, or L^ontaTns contractile 
mechan isms ^ lb ng upon tlie ciliii.wliich are thus simple passive 
puppets in the ^anrts "of llTe cells. But lliere is no satisfactory 
evidence for such a view. On the whole, the evidence is in favour 
of the view that the action is carried out by the cilium itself, that 
the bending is a contraction of the cilium, and that the straight- 
ening corresponds to the relaxation of a muscular fibre. But 
even then the exact manner in which the contraction bends and 
the relaxation straightens the filament is not fully explained. 
We have no positive evidence that a longitudinal half, the inside 
we might say, of the filament is contractile, and the other half, the 
outside, elastic, a supposition which has btwn made to explain the 
bending and straightening. In fact, no adequate explanation of 
the matter has as yet been given, and it is really only on general 
grounds we conclude that the action is an effect of contractility. 

In the vertebrate animal, cilia are, so far as we know, wholly 
independent of the nervous system, and their movement is pro- 
bably ceaseless. In such animals, however, as Infusoria, Hydrozoa, 
&c. the movements in a ciliary tract may often be seen to stop and 
to go on again, to be now fast, now slow, according to the needs 
of the economy, and. as it almost seems, according to the will 
of the creature ; indeed, in some of these animals the ciliary move- 
ments are clearly under the influence of the nervous system. 

Observations with galvanic currents, constant and interruptt.>d, 
have not led to any satisfactory results, and, so far as we know at 
present, ciliary' action is most affected by changes of temperature 
and chemical media. Moderate heat quickens the movements, but 
B rise of temperature beyond a certain limit (about 40''C. in the case 
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of the pharyngeal membrane of the frog) becomes injurious ; cold 
retards. Very dilute alkalis are favourable, acids are injurious. 
An excess of carbonic acid or an absence of oxygen diminishes or 
arrests the movements, either temporarily or permanently, accord- 
ing to the length of the exposure. Chloroform or ether in slight 
doses diminishes or suspends the action temporarily; in excess 
kills and disorganises the cells. 

Amoshoid Movements, 

§ 95. The white blood corpuscles, as we have said (§ 28), are 
able of themselves to change their form, and by repeated changes 
of form to move from place to place. Such movements of the 
substance of the corpuscles are called amoeboid, since they closely 
resemble and appear to be identical in nature with the movements 
executed by the amoeba and similar organisms. The movement 
of the endoplasm of the vegetable cell seems also to be of the 
same kind. 

The amoeba changes its form (and shifts its place) by throwing 
out projections of its substance, called pseudopodia, which may be 
blunt and short, broad ])ulging8, as it were, or may be so long and 
thin as to be mere filaments, or may be of an intermediate 
character. As we watch the outline of the hyaline ectosarc, we 
may see a pseudopodium beginning by a slight bulging of the 
outline ; the bulging increases by the neighbouring portions of the 
ectosarc moving into it, the movement under the microscope 
reminding one of the flowing of melted glass. As tlie pseudo- 
podium grows larger, and engages the whole thickness of the 
ectosarc at the spot, the granules of the endosarc may be seen 
streaming into it, forming a core of endosarc in the middle of the 
bulging of ectosarc. The pseudopodium may continue to grow 
larger and larger at the expense of the rest of the body, and 
eventually the whole of the amoeba, including the nucleus, may, as 
it were, have passed into the pseudopodium ; the body of the 
amoeba will now occupy the place of the pseudopodium instead of 
its old place : in other words it will in changing its form have also 
changed its place. 

During all these movements, and during all similar amoeboid 
movements, the bulk of the organism will, as far as can be 
ascertained, have remained unchanged ; the throwing out a pseu- 
dopodium in one direction is accompanied by a corresponding re- 
traction of the body in other directions. If, as sometimes happens, 
the organism throws out pseudopodia in various directions at the 
same time, the main body from which the j)seudopodia project is 
I'educed in thickness ; from being a spherical lump, for instance, it 
becomes a branched film. The movement is brought about not 
by increase or decrease of substance, but by mere translocation of 
particles ; a particle which at one moment was in one position 
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moves into a nuw pasition. several particles tlius moving towards 
the same point cause a bulging at that point, and several particles 
moving away from the same point cause a retraction at that 
point ; but no two particles get nearer to each other so as to 
occupy together less space, and thus lead to condensation of sub- 
stauce, or get farther from each other so as to occupy more space, 
and thus lead to increase of bulk. 

In this respect, in that there is no change of bulk, but only a 
shifting of particles in their relative {wsition to each other, the 
aniteboid movement resembles a muscular contraction ; but in 
other respects the two kinds of movemeut seem different, and 
the question arises, have we the right to speak of the substance, 
which can only execute amoeboid movements, as being eontraetiU I 

We may, if we admit that contractility is at bottom simply the 
power of shifting the relative position of particles, and that 
muscular contraction is a specialized form of contraction. In a 
plain muscular fibre (which we may take as simpler than the 
striated mnaclel the shifting of particles is specialized iu the sense 
that it has always a definite relation to tlie long axis of the fibre; 
when the fibre contracts, a certain number of particles assume a 
new position by moving at right angles to the long axis of the 
fibre, and the libre in consequence become-i shorter and broader. 
In a white blood corpuscle, amreba, or other organism executing 
amteboid movements, the shifting of the particles is not limited 
to any axis of the body of the organism ; at the same moment one 
particle or one set of particles may be moving in one direction, and 
another particle or another set of particles in another direction, 
A pseudopodium, short and broad, or long thin and filamentous, 
may be thrust out from any part of the surface of the body, and 
in any direction ; and a previously existing pseudopodium may 
be shortened, or be wholly drawn back into the substance of the 
bwly. 

In the plain muscle fibre the fact that the shifting is specialized 
in relation to the long axis of the fibre, necessitates that in a 
contraction the shortening, due to the particles moving at right 
angles to the long axis of tlie fibre, should be followed by what we 
have called relaxation due to the particles moving back to take 
up a position in the long axis ; aud we have several times 
insisted on relaxation being an essential part of the total act of 
contraction. If no such movement in the direction of relaxation 
took place, the fibre would by repeated contractions be flattened 
out into a broad, thin film at right angles to its original long ' 
axis, and would thus become useless. A spherical white blood 
corpuscle may, by repealed contractions, i.e. amtEboiil movements, 
transform itself into such a broad, thin film ; but in such a 
condition it is not useless. It may remain in that condition for 
some time, and by further contractions, t.r. amceboid movements, 
may assume other shapes or revert to the spherical form. 
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So long as we narrow our idea of contractility to what we see 
in a muscular fibre, and understand by contraction a movement of 
particles in relation to a definite axis, necessarily followed by a 
reversal of the movement in the form of relaxation, we shall find 
a difficulty in speaking of the substance of the amoeba or of the 
white blood corpuscle as being contractile. If, however, we conceive 
of contractility as being essentially the power of shifting the 
position of particles in any direction, without change of bulk (the 
shifting being due to intrinsic molecular changes about which we 
know little save that chemical decompositions are concerned in 
the matter), we may speak of the substance of the amoeba and 
white blood corpuscle as being contractile, and of muscular con- 
traction as being a specialized kind of contraction. 

The protoplasm of the amoeba or of a white corpuscle is, as we 
have said, of a consistency which we for want of better terms call 
semi-solid or semi-fluid. Consequently, when no internal changes 
are prompting its particles to move in this or that direction, the 
influences of the surroundings will tend to give the body, as they 
will other fluid or semi-fluid drops, a spherical form. Hence the 
natural form of the white corpuscle is more or less spherical. If, 
under the influence of some stimulus internal or external, some 
of the particles are stirred to shift their place, amoeboid move- 
ments follow, and the spherical form is lost. If, however, all the 
particles were stirred to move with equal energy, they would 
neutralize each other's action, no protrusion or retraction would 
take place at any point of the surface and the body would remain 
a sphere. Hence, in extreme stimulation, in what in the muscle 
corresponds to complete tetanus, the form of the body is the same 
as in rest ; and the tetanized sphere would not be appreciably 
smaller than the sphere at rest, for that would imply change of 
bulk, but this, as we have seen, does not take place. This result 
shews strikingly the difference between the general contractility 
of the amoeba, and the special contractility of the muscle. 



CHAPTER III. 



ON THE MORE GENERAL FEATURES OF NERVOUS 

TISSUES. 



§ 96. In the preceding chapter we have dealt with the pro- 
perties of nerves f^oing to muscles, the nerves which we called 
//i^>^>r,and have incidentally spoken of other nerves which we called 
sensory. Both these kinds of nerves are connected with the brdin 
and spinal cord and form part of the General Nervous System. 
We shall have to study hereafter in detail the brain and spinal cord ; 
but the nervous system intervenes so repeatedly in the processes 
carried out by other tissues that it will be desirable, before pro- 
ceeding further, to discuss some of its more general features. 

The Nervous System c(msists (1) of the Brain and Spinal Cord 
forming together the cerebrospinal axis, or central nervous si/stem ; 
(2) of the nerves passing from that axis to nearly all parts of the 
hmly, those which are connected with the spinal cord being called 
spinal^ and those which are connected with the brain, within the 
cranium, being called rrrr/u'aZ; ruA{Z)oI ganglia distributed along 
the nerves in various parts of the body. 

The spinal cord obviously consists of a number of segments or 
metameres, following in succession along its axis, each metamere 
giving off on each side a pair of spinal nerves ; and a similar 
division into metameres may be traced in the brain, though less 
distinctly, since the cranial nerves are arranged in manner some- 
what (liferent from that of the spinal nerves. We may take a 
single spinal metamere, represented diagrammatically in Fig. 25, 
as illustrating the general features (»f the nervous system ; and 
since the half on one side of the median line resembles the half 
on the other side, we may deal with one latt»ral half only. 

Each spinal nerve arises by two roots. The metamere of the 
central nervous system C consists, as we shall hereafter see, of grey 
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with the npinal uenr, to »applv vaaomotor (coDHrrictor) fibres to the miurtes («') of 
blcKid veaneli iu certaiu pirti. fiir exiuuple. iu the limlM. 

Sy, the Ryiu pathetic cliiuu uniting th« gaii};lia at the wrlcs 3L Tho terminatlutii 
at the uther uerves ariiiu); (rum 3. a, a' are not ihewn. 

The figure ia uecessaril}' wbeiuBtir. uid mnin Lut be takeu tu tihrw that tho 
Tiaccr&l bruich joiaa oul/ the gau^lion bclougiiig to the uun xKiiicut a* the siiiual 
ner*e ; the visceral brsuch jouu the Byiupathetic thiiiH, poaaing to other gnuEliB 
beiides the one uf the lame wgineDt. iu deed iu some cases ilont uut juiu thia M aOi 
matter Or in the interior, and white matter If ott the ouleide. 
From tlie aaterior part of grey matter is given off the anterior 
nerve root A, and from the posterior part the posterior nerve 
root P. The latter passes into a swelliiig or ganglion 6, " the 
ganglion of the posterior root," or more shortly " ttie spinal gan- 
glion ; " the anterior root does not pass into tliis ganglion. Beyond 
the ganglion the roots join to form the nerve trunk N. We shall 
later on give the evidence that the nerve ^hres composing the 
posterior root F are, so far as we know at present, exclusively 
occupied in carrying nervous impulses from the tissues of the body 
to the central nervous system, and that the fibres composing the 
anterior root A are similarly occupied in carrying impulses from 
the central nervous system to the several tissues ; that is to say, 
the former is made up of sensory fibres, or (since the impulses 
passing along them to the central system may give rise to effects ' 
other thau sensations) afferent fibres, while the latter is made up 
of motor, or (since the impulses passing along them from the 
central nervous system may produce effects other than movements) 
efferent Rhres. The nerve trunk TV is couseijueutly a nixed nerve, 
composed of afferent and efferent tibres. 

By far the greater part of this mixed nerve, dividing into 
various branches, is distributed (iV) to the skin and the skeletal 
muscles, some of the fibres (motor) ending in muscular fibres (M). 
others (sensory) endiujj in epithelial_ cells _(S connected with the 
skin, which we shall consider hereafter uuiler the name of sen- 
sory epithelial cells, while others, X. after dividing into minute 
branches and forming plexuses end, iu ways not yet definitely 
determined, in tissues associated with the skin or skeletal muscles. 



Morphologi sts distinguish the parta which go to form the skin, / 
s keleta l mus cles, A c. as aj/mniif. from the ^andniic'^TtA^V^c^ !}/ ' 
I to forinlhe viscera. We may accordingTy call this main part (V 



^K be r 
^^H »plai 



of Ehe spmal nerve the somatic division of the nerve. 

Soon after the mixed ner^-e ^V leaves the spinal canal, it gives 
off a small branch V, which, under the name of (white) ramtu I 
communicana, runs into the longitudinal series of ganglia (S) I , 
coita(iicuoU3 in the thorax as the main Rympathtiic chain. This I \ 
branch is destined to supply the viscera, and might, therefore, be I ' 
called the splajiehnie division of the spinal nerve. We may »ay\ ^ 
at once, without entering into details, that llie whole of the\ ' 
sympathetic system with its ganglia, plexuses and nerves is to f 
be regarded as a development or expansion of the visceral or 
splanchnic divisions of certain spinal nerves. By means of this 
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system, splanchnic fibres from the central nervous system are 
distributed to the tissues of the viscera, some of them on their 
way passing through secondary ganglia a, and, it may be, tertiary 
ganglia. There are, however, as we shall see, certain nerves or 
fibres which do not run in the sympathetic system, and yet are 
distributed to the viscera and are * splanchnic * in nature. We 
cannot, therefore, use the word sympathetic to denote all the 
fibres which are splanchnic in nature. On the other hand, the 
* splanchnic nerves ' of the anatomist form a part only of the 
splanchnic system in the above sense : the term thus used is 
limited to particular nerves of the splanchnic system distributed 
to the abdomen, and the double use of the term splanchnic might 
lead to confusion. The diflSculty may perhaps be avoided by calling 
the splanchnic nerves of the anatomist " abdominal splanchnic." 
The majority of these splanchnic fibres seem to be efferent in 
nature, carrying impulses from the central nervous system to the' 
tissues, some ending in plain muscular fibres (m), others in other 
ways (x); but some of the fibres are afferent («), and convey/ 
impulses Ifrom the viscera to the central nervous system, and it is 
possible that some of these begin or end in epithelial cells of the] 
viscera. 

We shall have occasion in the next chapter to speak of nerves 
which govern the blood vessels of the body, the so-called vaso- 
motor nerves. A certain class of these, namely the vaso-constrictor 
nerves or fibres are branches of the splanchnic divis ion of the 
cerebrospinal "nerves, and as we shall see tlie~ vasp-cpnstrictor" 
nerves of the skeletal muscles, skin, and other parts supplied by 
somatic nerves, after running for some distance in the spl anchn ic 
division (V), turn back (r. v) and join the somatic division, the 
fibres of which they accompany {v. m) on their way to th e tissue s 
whose blood vessels (m') they supply ; some of these fibresTIiowever, 
run not peripherally towards the skin but centrally towards the :' 
spinal cord, and probably supply the membranes of the cord./ 
Where the communicating brancli from the spinal nerve to the 
sympathetic ganglia consists of two parts, the white ramus com- 
municans and the grey ramus communicans, these revehent, 
backward tuniing splanchnic fibres run in the grey ramus ; 
but, in the case of some of the spinal nerves, it is not possible 
to distinguish a grey ramus as separate from a white ramus. 
Besides these vaso-constrictor fibres, other fibres of different 
function, of which we shall have to speak later on, run from 
the spinal nerves into the splanchnic system, and then back again 
to the somatic system. 

We have seen (§ 68) that a nerve going to a muscle is com- 
posed of nerve fibres, chiefly medullated, some, however, being 
non-medullated, bound together by connective tissue. The same 
description holds good for the whole somatic division of each of 
the spinal nerves. The splanchnic division also consists of me- 
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dullated and noa-inedullated fibres buimd together b; connective 
tissue, but in it, aa a whole, the non-uedullated fibres preponderate, 
some bmnchea appearing to contain hardly any meduUaled fibres 
at all. The no n-medu Hated fibres, which are found in the somatic 
division, appear to be fibres which have joined that division from 
the splanchnic division. So prominent are non-medulla ted fibres 
in splanchnic nerves and hence in the sympathetic system that 
they are sometimes called sympathetic tibres. 

Wejiave said that the axis cylinder,, whether ot a medullated 
orjion^njijill)^'*'! ^bre, is to be considered as a long drawn out 
process^ a nerve cell. Nerve cells are fonud in three main 
situations. 1. In t7ie central nervous system, the brain and 
spiiiTiTjiord. 2._ In the se^'eral jjanglia placed along the course of 
the_ nerves, both the spinal ganglia, and the ganglia of the 
s^Qchuii.;^ or syiupnthetic system. 3. At the terminations of 
nerves in certain tissues. Some of these latter are to be regarded 
as small, more or less terminal, ganglia, and similar uinut« 
ganglia consisting of two or three cells only are found frequently 
along the course of splanchnic nerves ; such cells really, therefore, 
lielung to the second group. But l>esides this, in certain situations, 
as for instance in certain organs of the skin, and in the organs of 
special sense, nerves, generally afferent or sensory in nature, either 
actually end in, or at their termination are connected with, cells 
which appear to be of a nervous nature ; such cells form a difitinct 
categorj- by themselves. 

Hence, along its whole course a nerve consists exclusively of 
nerve fibres (and the connective tissue supporting them), except in 
the central nervous system from which it springs, in the ganglia, 
^■reat and small, through which it passes or which are attached to 
it at one part or another of its course, in both of which situations 
nerve cells are found, and at its termination where its fibres may 
end in nerve cells. 

The features of these nerve cells dififer in these several situa- 
tions. The characters of the terminal cells which, as we have 
said, are chiefly sensory, and the structure of the brain and spinal 
cord we shall study in detail laluT on. We may here confine our 
attention to the nerve cells of the ganglia, and to some of tlie 
broad features of the nerve cells of the spinal cord. 

§ 97. Spitiitl tjitnijtvi. When a hmgitudinal section of a spinal 
ganglion is examined under a low pq,wer. the fibres of the fHwterior 
root as they enter the ganglion are observed to spread out and 
pass between relatively large and conspicuous nucleated cells 
which are to a large extent arranged in groups, somewhat after the 
fashion of a bunch of gmpes. Theae are the nerve cells ; they 
have frequently a diameter of about 100^, but may be still larger, 
or may be much sinnlli;r. In a transverse section it will be 
' observed that a large compact mass of these cells lies on the 
out«r side of the ganglion, and that the racemose groups on the 
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inner side are smaller. A quantity of connective tissue, carrying 
blood vessels and lymphatics, runs between the groups, and, passing 
into each group, runs between the cells and fibres ; and a thick 
wrapping of connective tissue continuous with the sheath of the 
nerve surrounds and forms a sheath for the whole ganglion. 

Each of the nerve cells, ganglionic cells as they are called, 
examined under a higher power, either after having been isolated, 
or in an adequately thin and prepared section, will present the 
following features. 

The cell consists of a cell-body which is, normally, pear-shaped, 
having a broad end in which is placed the nucleus and a narrow 
end, which thins out into a stalk and is eventually continued 
on as a nerve fibre. The substance of the cell-body is of the kind 
which we call finely granular protoplasm ; sometimes there is an 
appearance of fibrillation, the fibrillar passing in various direc- 
tions in the body of the cell, and being gathered together in a 
longitudinal direction in the stalk. Sometimes the cell-body 
immediately around the nucleus appears of a different grain from 
that nearer the stalk, and not unfrequently near the nucleus is an 
aggregation of discrete pigment granules imbedded in the proto- 
plasm. The several cells of the same ganglion frequently differ as 
to the appearances of the cell-body, this being in some more 
distinctly or coarsely granular than in others, and also staining 
differently. 

The nucleus, like the nuclei of nearly all nerve cells, is large 
and conspicuous, and when in a normal condition is remarkably 
clear and refractive, though it appears to consist like other nuclei 
of a nuclear membrane and network and nuclear interstitial ma- 
terial. Even more conspicuous perhaps is a very large, spherical, 
highly refractive nucleolus; occasionally more than one nucleolus 
is present. 

Surrounding the cell-body is a distinct sheath or capsule con- 
sisting of a transparent, hyaline, or faintly fibrillated membrane, 
lined on the inside by one layer or by two layers of flat, polygonal, 
nucleated epithelioid cells or plates ; that is to say, cells which 
resemble epithelium cells, but differ not only in being extremely 
flattened, but also in the celi body being transformed from 
ordinary granular protoplasm into a more transparent differen- 
tiated material. In stained specimens the nuclei of these plates 
are very conspicuous. Under normal conditions this sheath is 
in close contact with the whole bodv of the cell, but in hardened 
and prepared specimens the cell body is sometimes seen shrunk 
away from the sheath, leaving a space between them. Occasionally 
the cell body, while remaining attached to the sheath at three 
or four or more points, is retracted elsewhere, and accordingly 
assumes a more or less stellate form ; but this artificial condition 
must not be confounded with the natural branched form, which as 
we shall see other kinds of nerve cells possess. 
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When a sectiou is made througli a hardened ganglion, the plaue 
of the section passes through the stalks of a few unly of the cells, 
and that rarely for any great distance along the stalk, since in the 
case of many of tlie culls the stalk is more or less curved, and 
consequently runs out of the plane of section; but in properly 
isolated cells we can see that in many cases the stalk of the cell is, 
as we have said, continued on into a nerve fibre, and We have reason 
to believe that it is so in all cases. As the cell-body narrows into 
the stalk, several nuclei nmke their appearance, lodged on it; 
these art! small granular nuclei, wholly unlike the nucleus of the 
cell-body itself, and more like, though not quite like, the nuclei of 
the neurilemma of a nerve, They are probably of the same 
nature as the latter ; and, indeed, as we trace the narrowing stalk 
downwards, a hne, delicate sheath which, if present, is at least not 
obvious over the cell-body, makes its appearance, and a little 
farther on between this sheath, which is now clearly a neurilemma, 
and the stalk of the cell-body, which has by this time become a 
cylinder of uniform width, and is now obviously an axis-cylinder, a 
layer of medulla, very fine at first but rapidly thickening, is 
established. T he stalk of th e nerve cell thug.becfflnes an ordinary 
medulla tg djierve fibre. The sheath of the cell is continued, also, 
oil U) thelierve tibre^ not as was once thought as the neurilemma, 
but asThai; special shea tli of connective tissue, of which we have 
already spoken" fS 60^ as Ueole's sL»ath» and which ultimately 
becomes fused wiili tlie^ conuective tissue of tho nerve. 

At some variable distance from the cell the nerve fibre bears 
the first node, and either at this or some early succeeding node 
the fibre divides into two ; as we have seen, division of a medullated 
nerve fibre always takes place at a node. The two divisions 
thus arising run in opposite directions, forming in this way a 
H piece ; and while one division runs in one direction towards 
the posterior root, the other runs in an opposite direction towards 
the nerve trunk. The nerve cell is thus, as it were, a side piece, 
attached to a fibre passing through the ganglion on its way 
from the posterior root to the nerve trunk. It cannot be said 
that in any one ganglion this connection has been traced in the 
cose of every nerve cell of the gangUon; but the more care is 
taken, and the more successful the preparation, the greater is the 
number of cells which may be isolated with their respective 
t- pieces; so t hat we may conc lude that, normally, every cell of a 
eamtlipn is coimecte d on the one hand with a fibre of iha 
posterior ront. and on the other lianil with a fibre ot the nerve 
trunk. We have reasons further to believe that every fibre ot 
the posterior root in passing through the ganglion on its way to 
the mixed nerve trunk is thus conuect^^d with a nerve cell ; 
but this has been called in question. In ctrtnin animals, for 
instance certJiin fishes, the cells of the spinal gangha are not 
peu-flbaped, but oval or fusiform, and each narrow end is pro- 
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longed into a nerve fibre, one end thus being connected with the 
posterior root and the other with the nerve trunk. In such a case 
the nerve cell is simply a direct enlargement of the axis-cylinder, 
with a nucleus placed in the enlargement. The nerve cells above 
described are similar enlargements, also bearing nuclei, placed not 
directly in the course of the axis-cylinder, but on one side and 
connected with the axis-cylinder by the cross limb of the J- piece. 
Hence the ord inary ganglion cell is spoken of as being unipo lar^ 
those of ^slies bemg called Jipo/ar. The former see ms to be^ a 
special modification of the latter ; anC indeed, when the 3e- 
Welopraient of a unipolar cell is traced in the embryo it is found to 
be bipolar first, and subsequently to become unipolar. 

In examining spinal ganglia a cell is sometimes found which 
bears no trace of any process connecting it with a nerve fibre. 
It is possible that such a cell, which is spoken of as apolar, 
may be a young cell which has not yet developed its nerve process 
or an old cell which has by degeneration lost the process which it 
formerly possessed. 

§ 98. The ganglia of the splanchnic system, like the spinal 
ganglia, consist of nerve cells and nerve fibres imbedded in connective 
tissue, which, however, is of a looser and less compact nature in 
them than in the spinal ganglia. So far as the characters of their 
nuclei, the nature of their cell-substance, and the possession of a 
sheath are concerned, what has been said concerning the nerve cells 
of spinal ganglia holds, in general, good for those of splanchnic 
ganglia ; and, indeed, in certain ganglia of the splanchnic system 
connected with the cranial nerves, the nerve cells appear to be 
wholly like those of spinal ganglia. In most splanchnic ganglia, 
however, in those which are generally called sympathetic ganglia, 
two important differences may be observed between what we may 
call the characteristic nerve cell of the splanchnic ganglion, and 
the cell of the spinal ganglion. 

In the first place, while the nerve cell of the spinal ganglia has 
one process only, the nerve cell of the splanchnic ganglia has at 
least two and may have three or even four or five processes ; it 
is a bipolar or a multipolar cell. 

In the second place, while these processes of the splanchnic 
ganglion cell may be continued on as nerve fibres, as is the single 
process of the spinal ganglion cell, the nerve fibres so formed are, 
in the case of most of the processes of a cell, and sometimes in 
the case of all the processes, non-medulla ted fibres, and remain 
non-medullated so far as they can be traced. In some instances, 
one process becomes at a little distance from the cell a meduUated 
fibre, while the other processes become non-medullated fibres ; and 
we are led to believe that in this case the medullated fibre is 
I proceeding to the cell on its way from the central nervous system, 
/ and that the non-medullated fibres are proceeding from the cell 
on their way to more peripherally placed parts; the nerve cell 



Chap. 111.3 FEATURES OF NERVOUS TISSUES. 179 

seems to serve as a centre for the division of nerve fibres, and also I 
for the change from medullated to noQ-mednllated fibres. ' 

All the processes of a splanchnic ganglion cell, however, are 
not continued 011 as nerve tibres ; sometimes the process divides 
rapidly into a number of fine branches, which are then found to 
twine closely round the bodies of neighbouring celb. 

lu consequence of its thus possessing more than one process, 
the splanchnic ganglion cell is wore or less irregular in form, 

contrast to the pear shape of the spinal ganglion celL But 

certain situations in certain animals, for instance in the frog, 
many of the ganglia of the abdomen, and in the small ganglia 
n the heart, pear-shaped splanchnic ganglion cells are met with. 
In such cases the nucleated slieath is distinctly pear-shaped or 
baltoon-sha])e<), and the large, conspicuous nucleus ts placed, as in 
the spinal ganglion cell, near the broad end, but the stalk of the 
cell is made up not of a single fibre but of two fibres ; one of these 
is straight, and seems to be the direct continuatiou of the cell- 
substance, while the other, which seems to be gathered up from a 
network on the surface of the cell, is twisted spirally round the 
straight one. The two fibres ruu for some distance together 
in the same funnel-shaped prolongation of the nucleated sheath 
of the cell, but eventually separate, each fibre acquiring a sheath 
(sheath of Henle) of its own. Generally, if not always, one fibre, 
usually the straight one, becomes a medullated fibre, while the 
other, usually the twisted or spiral one, is continued as a non- 
medullated fibre. While within the common nucleated sheath 
both fibres, especially the spiral one, bear nuclei of the same 
character as those seen in a corresponding situation iu the spinal 
ganglion cell. 

In the walls of the intestine, in connection with splanchnic 
nerves, are found peculiar nerve cells forming what are known as 
the plexuses of Meissner and Auerbach, but we shall postpone for 
the present any description of these or of other peculiar splanchnic 
cells. 

99. In the c entral nervoua stfitem nerve cells are found in the (.\\ 

■ •■\Ss 



flo-callt ;d _gr<g_ maffer oii ly, tTiey_g re ab sent UqmJ^\^jdhite_motUr. 
In the grey matter of the spinal cord, in the parts spoken of as the 
anterior cornua, we meet with remarkable nerve cells of the follow- 
ing characters. The cells are laree, varying in diameter from 50^ 
to 140;i, and each consists of a cell-body surrounding a large, con- 
spicuous, refractive nucleus, in which is placed an even stdl more 
conspicuous nucleolus. The nucleus resembles the nuclei of the 
ganglion cells already described, and the cell-body, like the cell- 
body of the gauglioD cells, is composed of a finely granular sub- 
stance, often tibrillated, though generally obscundy so ; frequently 
a yellowish brown pigment is deposited in a part of the cell- 
body, not far from the nuclens. The cell-body is prolonged 
nto two or three only, but generally into several 
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processes, which appear more distinctly fibrillated than the more 
central parts of the cell-body. These processes are of two kinds. 
One process and, apparently, one only, but, in the case at least of the 
cells of the anterior cornu, always one, is prolonged as a thin, un- 
branched band, which retains a fairly uniform diameter for a 
considerable distance from the cell, and, when successfully traced, 
is found sooner or later to acquire a medulla, and to become the 
axis-cylinder of a nerve fibre ; the processes which thus pass out 
from the grey matter of the anterior cornu through the white 
matter form the anterior roots of the spinal nerve. Such a 
process is accordingly called the axis-cylinder process. The 
other processes of the cell rapidly branch, and so divide into very 
delicate filaments, which are soon lost to view in the substance of 
the grey matter. Indeed, the grey matter is partly made up of a 
plexus of delicate filaments, arising on the one hand from the 
division of processes of the nerve cells, and on the other from 
the division of the axis-cylinders of fibres running in the grey 
matter. 

The cell is not surrounded, like the ganglion cell, by a distinct 
sheath. As we shall see later on, while treating in detail of the 



central nervous system, all the nervous eleme nts of t lie spi nal cord. 

are supported by a network or sgongework of delica te p^uliar tissue 

..QalKJ^wrogZJa/ analogous to and serving m^ch the^ same function 



as, but diflferent in origin and nature from connective tissue. 
This neuroglia forms a sheath to the nerve cell and to its processes, 
as well as to the nerve fibres running both in the white and the 
grey matter ; hence within the central nervous system the fibres, 
whether medullated or no, possess no separate neurilemma ; 
tubular sheaths of the neuroglia give the axis-cylinder and medulla 
all the support they need. 

All the nerve cells of the anterior cornu probably pos sess an 
axis-cylinder process, and other cells sirnilany provided 'with an 
axis-cylinder process are found in other parts of the grey matter. 
B ut in certain parts, as for instance in the posterior cornu . cellsare 
met with whicn appear to poSSBSS no axis-cylm^er m-ocessT all th^ 
processes seem^to' brahcTi "oiit TnToEhe filalliyuts: Except for this 
absence, which is probably apparent rather than real, of an axis- 
cylinder process, such cells resemble in their general features the 
cells of the anterior cornu, though they are generally somewhat 
smaller. Speaking generally, the great fe ature of the n_erve cells of 
the central nervous system as distmgmsHed from the ganglion cells 
IS the ren iarkable"^ay in whtchttlfe ir ^rocel5§gs b ran ch Off ltito"X 
n umber oF^el icale filaments, coirdspOnding to the delicate nia- 
m^nts or hbriUsem wliTcli at its termination in the tissues the axis- 
cylinder of a nerve often ends. 

§ 100. From the above descriptions it is obvious that in the 
spinal cord (to which as representing the central nervous system 
we may at present confine ourselves, leaving the "brain for later 
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8impIy>6lay8~oimi« flIferDut iibres of the ptialehor root, they have 
no connection whatever with efferent iibres, they are conuecteil 
with fibres of one kind only. Conc^£jiig_the_^nglia of the 
aplanchnic system , we cannot in all cases make at present ~ff 
positive statement, but the evidence so far at our disposal points 
to the conclusion that in them, as in the spinal ganglia, each nerve 
c ell belongs to fibres of one function only, that where several 
processes ot a cell are prolonged into~fiefve fibres, these fibres 
have all the same function, the nerve cell being as in the spinal 
ganglia a mere relay. We have no satisfactory evidence that in 
a ganglion the fibres springing from, or connected with, one cell 
join another cell so as to convert the ganglion into a centre 
joining together cells, whose nerve fibres have different functions. 

We shall have later on to bring forward evidence that the 
nucleated cell-body of a nerve cell in a ganglion or elsewhere is in 
some way or other connected with the nutrition, the growth and 
repair of the nerve fibres springing from it. B esides this nutritive 
functiop- t.he mul t ipolar cell s of the splanchnic gan glia app ear to 
s erve the purpose o f multi plymg the trac ts along wliich nervous 
imtiulses niay pasi^ SiTiinpulRe, lor instance, reacning a multipolar 



of the proximal (sympathetic) ganglia along i 
fibre or process (the fibre in very many cases being a meduUatcd 
fibre) can pass out of the cell in various directions along several 
processes or fibres, which, in the majority of cases if not always, are 
n on -medulla ted fibres. Th us these nerve cells are or g a ns of dis- 
tr ibution for impulses of the same kind . What further modifica- 
Gons of the impulses thus passing tnrough them these ganglia may 
bring about, we do not know. 

It is only in some few instances that we have any indications, i 
and those of a very doubtful character, that the ganglia of the 
splanchnic system can carry out either of the two great functions 
belonging to what is physiologically called a neme centrr, namely, 
the function of starting nervous impulses anew from within itself, 
the function of an automatic centre so-called, and the function 
of being so affected by the advent of afferent impulses as to send 
forth in response efferent impulses, of converting, as it were, 
afferent into efferent impulses, the function of a rejiej: centre 
so-called. 

It isthecentiTil nervous SYBtem. .the brain with the spinal cord,)' 
w hich supp lies the iiervoiis centres ^or automatic actions and for 
r eHex ac tions; indeed, all the'^processes talcing place in the central 
nervDUfl system (at least all such as couie within the pnjvince of 
physioli^y) fall into or may be considered as forming part of one 
or the other of these two categories. 
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§ 101. Reflex actions. In a reflex action afferent impulses 
reaching the nervous centre give rise to the discharge of efferent 
impulses, the discharge following so rapidly and in such a way as to 
leave no doubt that it is caused by the advent at the centre of the 
afferent impulses. Thus a frog, from which the brain has been 
removed while the rest of the body "has been left intact, will 
frequently remain quite motionless (as far at least as the skeletal 
muscles are concerned) for an almost indefinite time ; but if its 
skin be pricked, or if in other ways afferent impulses be generated 
in afferent fibres by adequate stimulation, movements of the limbs 
or body will immediately follow. Obviously in this instance the 
stimulation of afferent fibres has been the cause of the discharge 
of impulses along efferent fibres. 

The machinery involved in such a reflex act consists of three 
parts : (1) the afferent fibres, (2) the nerve centre, in this case the 
spinal cord, and (3) the efferent fibres. If any one of these three 
parts be missing, the reflex act cannot take place ; if, for instance, 
the afferent nerves or the efferent taerves be cut across in their 
course, or if the centre, the spinal cord, be destroyed, the reflex 
action cannot take place. 

Keflex actions can be carried out by means of the brain, as we 
shall see while studying that organ in detail, but the best and 
clearest examples of reflex action are manifested by the spinal cord ; 
in fact, reflex action is one of the m ost importan t functions of the 
spin al cord. We shall have to study The various reflex actions of 
"the^spmarcord in detail hereafter, but it will be desirable to point 
out here some of their general features. 

When we stimulate the nerve of a muscle-nerve preparation 
the result, though modified in part by the condition of the muscle 
and nerve, whether fresh and irritable or exhausted, for instance, is 
directly dependent on the nature and strength of the stimulus. 
If we use a single induction-shock we get a simple contraction, if 
the interrupted current we get a tetanus, if we use a weak shock 
we get a slight contraction, if a strong shock a large contraction, 
and so on ; and throughout our study of muscular contractions we 
assumed that the amount of contraction might be taken as a 
measure of the magnitude of the nervous impulses generated by 
the stimulus. And it need hardly be said^ tljat^when we stimulate 
certain fibres only'offa motor, nerve/it is only the fliuscular fibres 
inwhich tEose nerve fibres end.which are thrown into con- 
traction. 

' "' Tn a reflex action, on the other hand, the movements called forth 
by the same stimulus may be in one case insignificant, and in 
another violent and excessive, the result depending on the arrange- 
ments and condition of the central portion of the reflex mechanism. 
Thus the mere contact of a hair with the mucous membrane lining 
the larynx, a contact which can originate only the very slightest 
afferent impulses, may call forth a convulsive fit of coughing, in 
which a very large number of muscles are thrown into violent con- 
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tractions ; whereas the same contact uf the hair with other surfaces 
of the body may produce nu obvious effect at all. Similarly, while 
in the brainless hut otherwise uoriiial frog, a slight touch on the skin 
of the Hank will produce nothing but a faint llicker of the under- 
lying muscles ; the same touch on the same part of a frog poisoned 
with strychuia will produce violent lasting tetanic contractions of 
nearly all the muscles of the hoily. Motor impulses, as we have 
seen, travel along motor nerves without any great expenditure of 
energy, and probably without increasing that expenditure as they 
proceed ; and the same is apparently the case with afferent impulses 
passing along afferent nerves. When, however, in a reflex action 
afferent impulses reach the nerve centre, a change in the nature and 
magnitude of the impulses takes place. It is not that in the nerve 
centre the alferent impulses are simply turned aside or reflected into 
efferent impulses ; and hence the term " retlex " action is a bad one. 
It is rather that the afferent impulses act afresh, as it were, as a 
stimulus to the nerve centre, producing according bo circumstances 
and conditions either a few weak efferent impulses or a multitude 
of strong ones. Th e nen'e centre maybe regar ded as a collection 
of e xplosive charges read y to be dischargefl an3 so'^tb sta'rt'efrerent 
inipulsea alo ng cer tain elTSfetit nerves, and these charges are 
so arrange'3' ana so related to certain afferent nerves, that afferent 
impulses reaching the centre along those nerves may in one case 
discharge a few only of the charges and so give rise to feeble 
movements, and in another c^se dischaige a very large number and 
so give rise to large and violent movements. In a reflex action, 
then, the number, intensity, character and distribution of the effe- 
rent impulses, and so the kind and amount of movement, will depend 
chiefly on what takes place in the centre, and this will in turn 
dejtend on the one hand on the condition of the centre, and. on 
the other, on the special relations of the centre to the afferent 
impulses. 

At the same time we are able to recognise in moat reflex actions 
a ce r tain r elation between the strength of the stimulus, that is 
to^say, the magnitude of tlie afferent impulses and' the extent of 
the movement ,,' that is to soy the magnitude of the eBerenf 
impulsesJ ia^ ggrve c entre Teaiaioiag in the same condition^ the 
Btron eer or more numero us afferent impulses will give rise to the 
m flJeiQrcjbla or mor e comprpTieTisivft movements. Thus, if a flank 
of~a brainless fr<^ he very lightly touched, the only reflex move- 
ment which is visible is a slight twitching of the muscles lying 
immediately underneath the spot of skin stimulated. If the 
stimulus he increased, the movements will spread to the hind-lej; 
of the same side, which frequently will execute a movement 
calculated to push or wipe away the stimulus. By forcibly 
pinching the same spot of skin, nr otherwise increasing the 
Btimnlus, the resulting movements may be led to embrace the 
fore-1^ of the same side, then the opposite aide, and, finally. 




184 KEFLEX ACTIONS. [Book i. 

almost all the muscles of the bodv. In other words, the dis- 
tarbance set going in the centre, confined when the stimulus is 
slight to a small part of the centre, overtiows, so to speak, when 
the stimulus is increased, to other parts of the centre, and thus 
throws impulses into a larger and larger number of eflTerent nerves. 

We may add, without going more fully into the subject here, 
that in most reflex actions a special relati on may be observed 
between the part stimulated and the resuTtin g movement. An t£ie 
simplesl^cases of reBex' aCttOfi, this" relation' Is merely ot such a 
kind that the muscles thrown into action are those governed by a 
motor nerve which is the fellow of the sensory ner\'e, the stimula- 
tion of which calls forth the movement. In tlie more complex 
reflex actions of the brainless frog, and in other cases, the relation 
is of such a kind that the resulting movement bears an adaptation 
to the stimulus : the foot is withdrawn from the stimulus, or 
the movement is calculated to push or wipe away the stimulus. 
In other words, a certain purpose is evident in the reflex action. 

Thus in all cases, except perhaps the ver}' simplest, the move- 
ments called forth by a reflex action are exceedingly complex 
compared with those which result from the direct stimulation of a 
motor trunk. When the peripheral stump of a divided sciatic 
ner\'e is stimulated with the interrupted current, the muscles of 
the leg are at once thrown into tetanus, continue in the same rigid 
condition during the passage of the current, and relax immediately 
on the current being shut off. When the same current is applied, 
for a second only, to the skin of the flank of a brainless frog, the 
leg is drawn up and the foot rapidly swept over the spot irritated, 
as if to wipe away the irritation ; but this movement is a complex 
one, rec^uiring the contraction of particular muscles in a definite 
sequence, with a carefully adjusted proportion between the amounts 
of contraction of the individual muscles. And this complex move- 
ment, this balanced and arranged series of contractions, may be 
repeated more than once as the result of a single stimulation of the 
skin. When a deep breath is caused by a dash of cold water, the 
same co-ordinated and carefully arranged series of contractions is 
also seen to result, as part of a reflex action, from a simple stimulus. 
And many more examples might be given. 

In such cases as these the complexity may be in part due to 
the fact that the stimulus is applied to terminal sensory organs, 
and not directly to a nerve trunk. As we shall see in speaking of 
the senses, the impulses which are generated by the application of 
a stimulus to a sensorj' organ are more complex than those which 
result from the direct artificial stimulation of a sensory nerve 
trunk. Nevertheless, reflex actions of great if not of equal com- 
plexity may be induced by stimuli applied directly to a nerve 
trunk. We are, therefore, obliged to conclude that in a reflex 
action, the processes which are originated in the centre by 
the arrival of even simple impulses along afferent nerves may be 
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highly complex ; and that it is the coiislitution aud condition of 
the centre which determines the complexity and character of the 
movements which are effected. In other words, a centre concerned 
in n retlex action is to be regarded as constituting a sort of 
ntolcicular machinery, the character of the resulting movemenU 
being determined by the nature of the machiner}' set going and 
its condition at the time being, the character and amonnt of the 
aETereat impulses determining exactly what parts of and how far 
the central machinery is thrown into action. 

Throughout the above we have purposely used the word 
centre, avoiding the mention of ner\-e cells. But undoubtedly the 
part of the spitml cord acting as centres of reflex action is situated 
in the grey matter, which grey matter is characterised by the 
presence of nerve cells ; undoubtedly, also, the efferent tibn.'^ are 
coiim^i-'ted with thn am-ivni lilir<.-s by means i.t cells, CL-rtai nly by 

i^■■''' '. •■ iilii"i i'l S r>^' .■mil pivjI-iaMyaTso 

■...■■■: .. ; ■ >i; So tiiaf^ 

■.. . ,, IN. Hut it does 

ii"l iiiiiMH liiiiLa ii'iiniiii iiH-iiialiihlli li* ir.isi-IiLml, 111 tile seuse, at all 

events, that the nuclei of the cells have anything to do with the 
matter, or even thai the most impor^nt of the molecular processes 
constituting the changes taking place in a centre during a reflex 
action are carried out only by the cell-substance immediately 
surrounding the nuclei. The power of carrying out a reflex action 
is probably contingent on the nature and arrangement of axis- 
cyUnders. and of the branching material by which, in a nerve 
centre, the afferent and efferent axis-cylinderH are joined together, 
the nuclei inter\-etiing only so far as they have to do with the 
growth and repair of the nervous material. 

§ 108. Aulomatic actions. Effer ent im pulses frequently isgue. 
f rom the brain and spinal cord^ a nd hq g ive rise to movement? 
without Ijeing obviously preceded by any stimulation. Su ch mo ve- I 
meil TJrWB "HJillSiJU of as "auEoinaKc bf~BpohTSn^0U9. The efferent 
tropulses in such teases are started Tiy changes in the nerve centre I 
which are not the immediate result of the arrival at the ner>'e j 
centre of afferent impulses from without, but which appear to | 
arise in the nerve centre itself. Changes of this kind may recur li 
rhythmically ; thus, as we shall see, we have reason to think that i 
in a certain part of the central nervous system called the spinal i 
bulb, or medulla oblongata, c hanges of the nervo us mateTial, re- } 
curring rh y tlunTcaTly , lea d to the rhythmic Jischaige along certain 
riPlVCS of efferent impulses wheteby ffiuscles coniiected with the 
chPsT^i'^^hylhihically thrown into action .aii3^_'rliytbmicBlly_ 
rei>eat*4^»rp'»tli>ng_>'' brought about. AnJ other similar rhythmicll 
aiWmatic^ovements maylw carried out by various parts of tliej' 
spinal cord. 

From the brain itself a much mnn^ \-uried and apparently 
irregular discharge uf efferent impulses, not the obvious result of 
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any immediately foregoing afferent impulses, and therefore not 
forming part of reflex actions, is very common, constituting what 
we speak of as volition, efiferent impulses thus arising being called 
volitional or voluntary impulses. The spinal cord, apart from the, 
brain, does not appear capable of executing these_v oluntarv move- 
ments ; but to this subject we shall return when we come to speak 
of the central nervous system in detail. 

We said just now that there is no satisfactory evidence 
that the ganglia of the splanchnic system ever act as centres of 
reflex action. The evidence, however, that these ganglia may 
serve as centres of rhythmic automatic action seems at flrst sight 
of some strength. Several organs of the body containing muscular 
tissue, the most notable being the heart, are during life engaged 
in rhythmic automatic movements, and in many cases continue 
these movements after removal from the body. In nearly all 
these cases ganglia are present in connection with the muscular 
tissue; and the presence and intact condition of these ganglia 
seem at all events in many cases in some way essential to the due 
performance of the rhythmic automatic movements. Indeed it 
has been thought that the movements in question are really due 
to the rhythmic automatic generation in the cells of these ganglia 
of efferent impulses, which, passing down to the appropriate 
muscular fibres, call forth the rhythmic movement When we 
come to study these movements in detail, we shall find reasons 
for coming to the conclusion that this view is not supported by 
adequate evidence ; and, indeed, though it is perhaps immature to 
make a dogmatic statement, all the evidence goes, as we have 
already said, to shew that the great use of the ganglia of the 
splanchnic system, like that of the spinal ganglia, is connected 
with the nutrition of the nerves, and that these structures do not 
like the central nervous system act as centres either automatic or 
I reflex. 

§ 103. Inhibitory nerves. We have said that the fibres of the 
anterior root should be called efferent rather than motor, because, 
though they all carry impulses outward from the central nervous 
system to the tissues, the impulses which they carry do not 
in all cases lead to the contraction of muscular fibres. Some of 
these efferent fibres are distributed to glandular structures, for 
instance, to the salivary glands, and impulses passing along these 
lead to changes in epithelial cells and their surroundings whereby, 
without any muscular contraction necessarily intervening, secretion 
is brought about : the action of these fibres of secretion we shall 
study in connection with digestion. 

Besides this, there are efferent fibres going to muscular tissue, 
or, at all events, to muscular organs, the impulses passing along 
which, so far from bringing about muscular contraction, diminish, 
hinder, or stop movements already in progress. Thus if when the 
heart is beating regularly, that is to say, when the muscular fibres 



Crap, ni.] FEATURES OF NERVOUS TISSUES. 



18T 



which make up the greater part of the heart are rhythmically 
contracting, the branches of the pncumogastric nerve going to the 
heart be adequately stimulated, for instance with the interrupted 
current, the heart will stop beating ; and that not because the 
muscles of the heart are thrown into a coutiuued tetanus, the 
rhythmic altematioa of contraction and relaxation being replaced 
by sustained contraction, but because contraction disappears alto- 
gether, all the muscular tibres of the heart remaining for a 
considerable time in complete relaxation, and the whole heart 
being quite flaccid. If a weaker stimulus be employed, the beat 
may not be actually stopped but slowed or weakened. And, as we 
shall see, there are many other cases where the stimulation of 
efferent fibres hinders, weakens, or altogether stops a movement 
already in progress. Such an etl'ect is called an inhibition, and 
the fibres, stimulation of which produces the eHect, are called 
' inhibitory * fibres. 

The phenomena of inhibition are not, however, conlined to 
such cases as the heart, where the efferent nerves are connected 
with muscular tissues. Thus the activity of a secreting gland may 
be inhibited, as, for instance, when emotion stops the secretion of 
saliva, and the mouth becomes dry from fear. In this instance, 
however, it is probable that inhibition is brought about not by 
inhibitory impulses passing to the gland, and arresting secretioa 
in the gland itself, but rather by an arrest, in the central nervous 
system, of the nervous impulses which, normally, passing down to 
the gland, excite it as we shall see to action. And, indeed, as we 
shall see later on. there are many illustrations of the fact that 
afferent impulses reaching a nervous centre, instead of stimulating 
it to activity, may stop or inhibit an activity previously going on. 
In fact it is probable, though not actually proved in every case, 
tliat wherever in any tissue energy is being set free, nervous 
impulses brought to bear on the tissue may affect the rate or 
amount of the energy set free' iu two different ways ; on the one 
iiand, they may increase or quicken the setting free of energy, and 
on the other hand they may slacken, hinder, or inhibit the setting 
free of energy. And in, at all events, a large number of cases, it 
is possible to produce the one effect by means of one set of nerve 
fibres, and the other effect by another set of nerve fibres. We 
shall have occasion, however, to study the several instances of this 
double action in the appropriate places. It is sufficient for us 
at the preaeot-tiLre cognize that a nervous impulse passing along 
a nerve fibre ueiid. flot alvjajs set free' energy when it reaches 
i fa" KoaI7rE~may hinder or slop the setting free of energy, and is 
en called ar --i-=»-=- — ■ — -■'— 
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CHAPTER IV. 



THE VASCULAR MECHANISM. 



SEC. 1. THE STRUCTURE AND MAIN FEATURES OF 

THE VASCULAR APPARATUS. 



§ 104. The blood, as we have said, is the internal medium on 
which the tissues live ; from it these draw their food and oxygen, to 
it they give up the products or waste matters which they form. The 
tissues, with some few exceptions, are traversed by, and thus the 
elements of the tissues surrounded by, networks of minute, thin- 
walled tubes, the capillary blood vessels. The elementary striated 
muscle fibre, for instance, is surrounded by capillaries, running in 
the connective tissue outside but close to the sarcolemma, arranged 
in a network with more or less rectangular meshes. These capil- 
laries are closed tubes with continuous walls, and the blood, which, 
as we shall see, is continually streaming through them, is as a 
whole confined to their channels, and does not escape from them. 
The elements of the tissues lie outside the capillaries, and form 
extra-vascular islets of different form and size in the different 
tissues, surrounded by capillary networks. But the walls of the 
capillaries are so thin and of such a nature that certain of the 
constituents of the blood pass from the interior of the capillary 
through the capillary wall to the elements of the tissue outside 
the capillary, and, similarly, certain of the constituents of the 
tissue, to wit, certain substances, the result of the metabolism 
continually going on in the tissue, pass from the tissue outside 
the capillary through the capillary wall into the blood flowing 
through the capillary. Thus, as we have already said, § 13, there 
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is a continual interchange of uinterial between the blood in the 
capillary, and the elements of the tissue outside the capillary, the 
lymph acting as middle man. By this interchange the tissue 
lives an the blood, and the hlood is affected by its passage through 
the tissue. In the small arteries whicii end in, and in the small 
veins which begin in the capillaries, a similar interchange takes 
place ; but the amount of interchange dimiuishes as, passing in 
each direction from the capillaries, the walls of the arteries and 
veins become thicki^r ; and, indeed, in all hut the minute veins 
and arteries, the interchange is so small that it may practically 
be neglected. It is in the capillaries (and minute arteries and 
veins) that the business of the blood is done ; it is in these tiiat 
the interchange takes place ; and the object of the vascular 
mechanism is to cause the blood to tlow through these in a 
manner best adapted for carrying on this interchange under 
varying circumstances. The use of the arteries is, in the main, 
simply to carry the blood in a suitable manner from the heart 
to the capillaries ; the use of the veins is, in the main, simply to 
carry the blood from the capillaries back to the heart ; and the use 
of the heart is, iu the main, simply to drive the blood in a suitable 
manner through the arteries into the capillaries, and from the 
capillaries back along the veins to itself again. The structure 
of these several parts is adapted to these several uses. 

The structure of arteries, capillaries and veins. 

§ 105. On stnne features of connectire tissue. The heart and 
blood vessels are, broadly speaking, made up partly of muscular 
tissue with its appropriate nervous elements, and partly of certain 
varieties of the tissue known as connective tisaue. We shall 
have to speak of some of the features of connective tissue of phy- 
siological importance when we come to deal with the lymphatic 
system, for this system is intimately associated with connective 
tissue. But an association only less close exists between the 
blood vessels and connective tissue ; for connective tissue not only 
enters largely, in one or otber of its forms, into the strucinre of 
the blood vessels, but also forms a sort of bed, both for the larger 
vessels on their way to and from the several tissues and organs and 
for the smaller vessels, including the capillaries, within each tissue 
and organ ; indeed, a capillary may be regarded as a minute tubular 
passage, hollowed out in the connective tissue which binds together 
the elements uf a tissue. It will be desiruble, therefore, to point 
out at once a few of the characters of connective tissue. 

The connective tissue of the adult body is derived from certain 
mesoblastic cells of the embryo, and consists essentially of certain 
cells, which do not lie in close contact with each other as do the 
cells of epithelium, but are separated by more or less intercellular 
material, which may in certain coses be Quid or semi-fluid, but 
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which is generally solid, and is commonly spoken of as matrix. In 
most forms of connective tissue, the naatrix is relatively so abund- 
ant and prominent, that the cells or coniuctive tissue corpitscles 
as they are called, become inconspicuous ; and, speaking generally, 
the value of* connective tissue to the body depends much more on 
the qualities of the matrix than on the activity of the connective 
tissue corpuscles. 

The kind of connective tissue, sometimes called ' loose connec- 
tive tissue,' which wraps round and forms a bed for the blood vessels, 
consists of an irregular meshwork formed by interlacing bundles of 
various sizes, which leave between them spaces of very variable 
form and size, some being mere chinks or clefts, others being lai^er, 
but generally flattened pasa^es, all containing lymph, and having, 
as we shall see, special connections with the lymphatic vessels. 
The larger spaces are sometimes called " areolas,' and this kind of 
connective tissue is sometimes spoken of as ' areolar tissue,' 
When a small portion of this tissue is teased out carefully under 
the microscope, the larger bundles may be separated into finer 
bundles, and each bundle, which generally pursues a wavy course, 
has a tibrillated appearance, as if made up of exceedingly fine 
fibrill;£ ; treated with lime water or baryta water, the bundles do 
actually split up into fine, wavy fibrilla; of less than 1 (it in diameter, 
a substance of a peculiar nature which previously cemented the 
fibrillar togetlier being dissolved out from between them. When 
a mass of such fibrillar is boiled with water, they become converted 
into gelatine, a substance containing, like proteid material, carbon, 
nitr<^en, hydrogen and oxygen, with a small quantity of sulphur, 
but differing from proteid material botli in its percentage compo- 
sition and in its properties. A remarkable and well-known feature 
of gelatine is that its solutions while fluid at a temperature of 
boiling water or somewhat leas, become solid or a ' jelly ' at lower 
temperatures. The untouched fibrilli*, in their natural condition, 
behave, as we shall see in speaking of the digestion of connective 
tissue, somewhat differently from prepared gelatine; the natural 
fibrilla, therefore, does not consist of gelatine, but of a substance 
which by boiling is readily converted into gelatine. The sub- 
stance soluble in lime or baryta water, which cements a number of 
fibrillse into a bundle, appears to be allied to a body, of which we 
shall apeak later on, called mucin. .Since the fibrillffi form by far 
the greater part of the matrix of connective tissue, a quantity of 
this tissue when boiled aeems almost entirely converted into 
gelatine. 

In connective tissue, then, a number of exceedingly fine.gelati- 
niferous fibrillte are cemented together into a fine, microscopic 
bundle, and a numter of these finer bundles may be similarly 
cemented together, or simply apposed together to form larger 
bundles ; some of the bundles at least appear, moreover, to be defined 
by a delicate, transparent sheath of a somewhat peculiar nature. 
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A number of tliMo buudles. sninll and large, art' arranged as a 
meshwork, the irregular spaces of which are occupied by lymph. 
On the sides of the bundles towards the spaces, or between the 
bundles where these are in apposition, often lying in uiinute spaces 
hollowed out in the cement or ground substance uniting; the 
bundles, are found the conuective tissue corpuscles. Each of these 
is a cell consisting of a nucleus, generally oval or elongate, sur- 
rounded by a protoplasmic cell-body, usually irregular in form, 
being sometimes merely spindle-shaped, but more frequently 
distinctly branched or stellate, and nearly always much flattened 
in a plane corresponding to the direction of the fibres or bundles of 
the matrix. Although, as we have said, tlie fibrilla' are cemented 
together into a bundle, each fibrilla remains sufficiently distinct to 
have a marked refractive etiect on rays of light falling upon or 
transmitted through the tissue, so that the bundles apf>ear white 
and opaque ; hence this tissue, and, especially, a more dense form 
of it, is sometimes spoken of as white, fibrous tissue. Owing to 
this opacity, the more delicate connective tissue corpuscles are not 
readily visible in the natural condition of the tissue. They may, 
however, be brought to view by the action of dilute acid, such as 
acetic acid. Under the influence of this acid each fibrilla swells 
out, and the swollen fibrillie, pressing upon each other, cease Lo 
refract light so much as liefore, and thus become more trans- 
parent, Very much as an opaque mass of strips of isinglass becomes 
transparent when the strips are swollen by boiling ; this increase 
of transparency allows the corpuscles, which are not swollen, but 
rather shrunken and made more opaque by the action of the 
acid, to become visible. The presence of these corpuscles may 
also be revealed by the use of such staining reagents as, while 
not staining the fibriUated matrix, stain the nuclei and the proto- 
plasmic bodies of the corpuscles. 

Besides these branched, irregular, flattened connective tissue 
corpuscles, which do not naturally exhibit any amceboid movements, 
leucocytes, exhibiting more or less active movements, are found 
in the spaces of the ti-'isue. These leucocytes, like the white 
corpuscles within the blood vessels (§ 32), are not all alike, but 
present different features. Among them are conspicuous and 
fairly abundant relatively large, spherical corpuscles, with coarse, 
discrete grnnulcs, and sluggish, amceboid movements ; these, which 
have htxa called 'plasma-corpuscles,' appear to be identical with 
the eosinophile corpuscles so scanty in the blood. 

§ 106. When connective tissue ie rendered transparent by 
the action of dilute acetic acid, there come into view, besides 
the corpuscles, a number of fibres, difTerent from the gelntiniferous 
fibres not only in not being swollen and rendered transparent 
by the action of the acid, but also by their size, relatively scanty 
number, clear, bold outline and sharply curved course. The fibres 
v»Tj much in size, some being very fine, so as to appear men 
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lines, while others are very large with a distinct double outline. 
Whether small or large each fibre is a. aingle fibre, not a bundle, 
and cannot be split up, like a fibre or small bundle of the ordinary 
luatm, into fibrillie ; in the larger fibres, at least, a sheath may be 
distinguished from the substance of the fibre. Not only is their 
course sharply curved, unlike the gently sweeping outlines of the 
gelatiniferoua fibres, but they divide and anastomose freely, thus 
forming networks of varying shape ; the gelatiniferous fibrillie on 
the other hand never divide, and the bundles do not anastomose, 
but simply interlace into a network. 

The number of these fibres occurring in connective tissue 
varies much in different situations, aud in some places, as, for 
instance, in the ligamentuvi nitchtv of certain animals, nearly the 
whole tissue is composed of large fibres of this kind, having 
in the mass a yellow colour, the ordinary gelatiuiferous fibres 
being reduced to a minimum. In such a situation a remarkable 
physical character of these fibres is easily recognized ; they are in 
a high degree extensible and elastic ; hence they are frequently 
called elastic fiirts ; from their yellowisli colour they are Bometimes 
called yellow elastic fibres. The white, gelatiniferous fibrilla>, on 
the contrary, possess very little extensibility or elasticity. 

When a portion of ligamentum nucha" is freed by prolonged 
boiling from the remnant of gelatiniferous fibres mixed up with the 
yellow, elastic material, the latter is foimd on chemical treatment 
to yield a substance called elagtin, which very closely resembles 
proteid matter in elementary composition, except that it contains 
no sulphur, and which yet probably differs widely from it in nature. 

Connective tissue, then, consists of a matrix of inextensible, 
inelastic, white, wavy, gelatiniferous fibrilla?, cemented into bundles 
(the bundles being arranged, in loose, connective tissue, in irregular 
raeshworks), with which are associated in varying abundance anas- 
tomosing, curled, yellow, elastic fibres, and among which are 
embedded branched connective tissue corpuscles. Leucocytes of 
various kinds are also found in the meshes or areola? ot the mesh- 
work. We may now return to the structure of the blood vessels. 

§ 107. Capillaries. A capillary is, as we said above, a tubular 
passage hollowed out in connective tissue. Without special pre- 
paration, nil that can be seen under the microscope is the outline 
of the wall of the capillary, shewing under high powers a double 
contour, and marked with oval nuclei which are lodged in the wall 
at intervals, and which project somewhat into the lumen or canal 
of the vessel. When, however, the tissue containing the capillaries 
is treated with a weak solution of silver nitrate, and after being 
thoroughly washed, is exposed to light, the wall of the capillary is 
seen to be marked out by thin, black lines into spindle-shaped 
areas, dovetailing into each other, and so related to the nuclei in 
the wall that each nucleus occupies about the centre of an area. 
From this and from other facts we conclade that the capillary 
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wall is built of flat, fusiform, nucleated plates cemented together 
at tlieir edges by some cement substance, which more readily 
absorbs and retains silver nitrate than do the plates themselves, 
and Lence, after treatment with the silver salt, shews in the form 
ol black lines the silver which has been absorbed and subsequently 
reduced. Each plate is a Battened nucleated cell, the cell-body of 
which, except tor a remnant of undifferentiated protoplasm round 
the nucleus, has become converted into differentiated, transparent 
miiteriaL Since the cells, except for the minimum of cement 
substance between them, are in close contact with each other, we 
might speak of them as forming an epithelium ; but on account 
ot their cell-body being reduced to a mere plate, and on account 
of their connection, both by origin and nature, with mesoblastic 
connective tissue corpuscles, it is convenient to speak ot them as 
epithelioid cells or plates. They are sometimes spoken of as 
mdothelial cells or plates. In a small capillary the width of one 
of these epithelioid plates at its widest part,>where the nucleus 
lies, may be of nearly the same -size as the circumference ot the 
even disteaded capillaiy ; the cells consequently are placed not 
side by side, but more or less alternate with each other, and their 
nuclei project alternately into the lumen ot the vessel. The 
larger capillaries may. however, be so wide that two or even more 
cells lie more or less abreast. Outside the capillary, which is thus 
a thin and delicate membrane, a mere patchwork of thin, epithelioid 
cells cemented together, is always found a certain amount of con- 
nective tissue, the wall ot the capillary forming, at one or another 
place, part of the wall of a lymph-holding, connective tissue space, 
and at other places being united by cement material to the 
bundles, bands or sheets of the same connective tissue. Not un- 
frequently, in young tissues, branched, connective tissue corjiuscles 
lie upon and embrace a capillary, some ot the processes of the cell 
being attached to the outside of the epithelioid plates of tlie capil- 
lary. Even in the capillaries of such a tissue as muscle, the net- 
work of capillaries embracing a muscular fibre is always surrounded 
by a certain, though sometimes a small aniount only of connective 
tissue ; indeed, wherever capillaries run they are accompanied, as 
we have said, by connective tissue, so that everywhere, all over 
the body, the blood in the capillary is separated from the lymph 
in the spaces of the connective tissue by nothing more than tbe 
exceedingly thin bodies of the cemented epithelioid plates. It must 
be added, however, that the spaces in the connective tissue are 
themselves sometimes lined by similar epithelioid plates, of which 
we shall have to treat in speaking of the lymphatics, so that in 
places the partition between the blood and these lymph spaces 
may be a double one, and consist of two layers ot thin plates. 

In any case, however, the partition is an exceedingly thin one, 
and BO permeable that it allows an adequately rapid interchange 
of material between the blood nud the lymph. As we shall 
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presently aee, uot only fluids, that is, matters in solution, are able 
to i>asa through the partition into the lymph, hut intact corpuscles 
both red and white, especially the latter, may, in certain cir- 
cumstauces, make their way through, and so pass from the interior 
of the capillary into the lymph spaces outside. It is probable, 
however, that these make their way chiefly, if not exclusively, 
through the cement lines, and especially at the points where the 
cement hnes of three or more cells meet together, and where the 
cement substance exists in larger amount than elsewhere. 

The size of the capillaries is variable. In some regions of the 
body, for instance in the lunga, the capillaries are on the whole 
wider than in other regions, for instance, the skin ; and all the 
minute vessels joining arteries to veins and possessing the struc- 
tural features just described, that is, being true capillaries, will uot 
always have the same size even in the same region of the body ; the 
artery may give rise to large capillaries which branch into small 
capillaries, and these again may join into large capillaries before 
uniting to form veins. Thus one capillary may be so narrow that a 
single (mammalian) red corpuscle passes through it with difficulty, 
whereas another capillary may be wide enough to afford room for 
two or three such corpuscles to travel abreast. Besides this, the 
same capillary may, in the living body, varj' in width from time 
to time. At one moment, as when the entrance on the arterial 
side is blocked, or when blood for some reason or another ceases to 
flow into it, the capillary may be empty and collapsed, its walls in 
contact, and its lumen abolished or nearly so ; and, in tissues taken 
from the dead body and prepared for microscopical examination, 
the capillaries are generally thus empty of blood and collapsed, so 
that they can be seen with difficulty, appearing as they then do aa 
almost mere lines, with swellings at intervals corresponding to the 
nuclei of the constituent cells. At another time, as when blood 
is flowing uito it at high pressure, the capillary may be widely 
distended. In the variations in cahbre, the walls of the capillary 
play a passive part; the material of the epithelioid plates is 
extensible, and the pressure of the blood within the capillary 
distends the walls, and the material being also elastic, the walls 
shrink and collapse when the pressure is removed, being assisted 
in this by the pressure of the lymph in the spaces outside the 
capillary. But besides this, in a young animal, at all events, the 
capillary wall is to a certain extent contractile ; the epithelioid 
cells, which then appear to contain a large amount of undifferen- 
tiated protoplasm, seem able, under the influence of stimuli, to 
change their form, passing from a longer and narrower shape to a 
shorter and broader one, and thus influencing the calibre of the 
tube of which they form the walls. And there are reasons for 
thinking that such an active change of form may also take place 
in the capillaries of the adult body. 

The structure of the capillary then seems adapted to two ends. 
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In the first place, its walla, being permeable, are adapted for 
carryiag out that importaut interchaage between the blood and 
tissue, which, as we have more than once said, takes place almost 
exclusively in the capillary regioua. In the second place, the 
extensibility and elasticity of its walla permit it to adapt ita calibre 
to the amount and force with which the blood is Howing into it. 

§ 106. Arteries. The wall of a minute, artery, i.e. of one 
whiuli is soon about to break up into capillaries, and which is 
Homelimea spoken o! as an nrteriole, conaists of the following parts. 

The inside is lined with a layer of fusiform, epithelioid cells, 
very similar to those of a capillary and similarly cemented together 
into a membrane. The long diameter of these fusiform evils, which 
are sometimes very narrow, is placed parallel to the axis of the 
artery. 

Outside this epithelioid lining comes a thin, transparent, 
structureless or finely fibrillated membrane, seen in an optical 
or other section of the artery as a mere line. Thin membrane, 
which serves aa a supporting membrane, basement membrane, or 
membrana propria, for the epithelioid cells, is similar in chemical 
nature and in properties to the elastic fibres found in connective 
tissue, and hence is spoken of as the elastic membrane. The 
epithelioid cells and the elaatic membrane together are often 
spoken of as forming the inner coat {tunica intima) of the artery. 

Wrapped transversely in a more or leas distinctly spiral manner 
round this inner coat, and imbedded in a small quantity of 
connective tissue, lie a number of plain, muscular fibres, arranged 
in the smallest arteries in a single layer, in the larger but still 
small arteries in more than one layer. This forma in these 
arteries the middle or muscular coat (tunica media). Outside 
this muscular coat cornea the ertrmal coat (tunica exttma), con- 
sisting of connective tiaaue, the bundles of which are disposed for 
the most part longitudinally, and contain a number of connective 
tissue corpuscles, and a relatively large number of elastic fibres. 
This outer coat ia continuous with the connective tissue bed in 
which the artery lies. 

A minute artery then differs from a capillary, in the thickness 
of its walla, whereby the permeability so characteristic of the 
capillary is to a great extent lost, in the distinct development of 
elastic elements, the elastic membrane of the inner coat, and the 
elastic fibres of the outer coat, whereby elaatic qualities are 
definitely assured to the walls ot the vessel, and lastly and chiefly 
by the presence of distinct muscular elementH. It is obvious, that 
while by the development of elastic elements, passive changes of 
calibre have a greater scope than in the capillary, active changes 
in calibre, which in the capillary are at least obscure, are assured 
to the artery by the muscular elements. When theae transversely 
disposed muscular fibres contract, they roust narrow the calibre of 
the artery, and may do that against even very considerable internal 
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pressure ; when they relax, they allow the internal pressure which 
may exist, to distend the vessel and temporarily to increase the 
calibre. 

Wlieu such a small artury breaks up into eapillnries, the 
muscular fibres and elastic membrane disappear, the remnant of 
the muscular coat being sometimes continued fur a short distance 
in the form of a single fibre, straggling in a spiral fashion round 
the artery towards the capillary ; all that is left is the epithehoid 
lining of the inner coat, with a little connective tissue to represent 
the outer coat. 

§ 109. The larijer arteries resemble the minnte arteries in so 
far that their walls "may be considered as composed of three coats, 
hut each of these coats is of a more or less complex nature, and 
the minor details of their structure differ in different arteries. 

In such an artery as the carotid or radial, the three coats have 
the following general characters. 

The inner coat ia composed of a lining of epithelioid cells 
resting not on a single, delicate, basement membrane, but on an 
elastic layer of some thickness, consistiug chiefly of a so-called 
' fenestrated ' elastic membrane or of more than one such mem- 
brane, together with some amount of fine, elastic fibres and in 
some cases at all events a small quantity of white connective 
tissue. A ' fenestrated ' membrane is a membrane composed of 
the same substance as the elastic fibres, perforated irregularly 
with holes, and more or less marked with indications of fibres ; 
it may be regarded as a feltwork of elastic fibres, fused or 
beaten out. as it were, in a more or less complete membrane, 
some of the meshes of the feltwork remaining as ' fenestra,' 
and traces of the fibres being still left Such fenestrated mem- 
branes, some thick, some thin, occur both in the inner and middle 
coats of the larger arteries ; and in the inner coat, usually im- 
mediately under the epithelioid lining, there is in most lai^e 
arteries a conspicuous membrane of this kind, sometimes so 
thick as to give a very distinct double outline in sections of the 
artery even under moderate powers. Beneath this there may be 
other similar fenestrated membranes, or a feltwork of fine, elastic 
fibres held together by a very small quantity of white connective 
tissue. In the aorta, and in some other arteries, the epithelioid 
cells rest immediately not on an elastic membrane, but on a thiii 
layer of so-called ' sub-epithelioid' tissue, which consists of con- 
nective tissue corpuscles imbedded in a homogeneous or very 
faintly fibrillated matrix or ground substance. 

The epithelioid cells are disposed longitudinally, that is, with 
their long diameters parallel to the axis of the artery, and a 
similar longitudinal arrangement obtains to a greater or less 
extent in the underlying elastic elements. When, after death, 
the arteries, emptied of blood, become narrowed or constricted 
by the contraction of the muscular elements of the middle coat. 
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the iuuer coat ia thrown into longitudinal wrinklea or folds, so 
that in transverse sections of an artery in this condition the inner 
coat has a characteristic puckered appearance. 

The inner cuat is somewhat delicate, and easily torn, so that 
in injuries to arteries, as when an artery is forcibly ligatured, it ia 
apt to be broken. 

The middle coat, which is generally many times thicker than 
the inner coat, consists of elastic layers and muscular layers 
placed in more or less regular alternation. The muscular layers 
consist of bands of plain, muscular fibres, placed transversely, and 
united together by a very small amount of white connective tissue. 
The elastic layers consist of somewhat thick fenestrated membranes 
or of feltworks of elastic fibres running on the whole longitudinally, 
but not unfrequently more or less obliquely ; these are also bound 
together by a small quantity of white connective tissue. 

The outer coat consists of feltworks of elastic fibres, or in 
some instances of fenestrated membranes, disposed chiefly longi- 
tudinally, and separated by bundles of ordinary white connective 
tissue, which become more and more predominant in the outer 
portions uf the coat. In many arteries bands of plain, muscular 
fibres are present in this coat also, and then run for the most part 
but not exclusively in a longitudinal direction. 

Blood vessels for the nourishment of the tissue of the walls , 
i^vam vagorum) are present in the larger arteries, being most 
abundant in the outer coat, but penetrating for some distance into 
the middle coat; the inner coat is probably nourished directly by the 
blood in the artery itself. Nerves, consisting chictly of non-medul- 
1at«d fibres, may be traced through the outer coat into the middle 
cont, where they appear to end in connection with the muscular fibres. 

Lastly, in the case of most large arteries the bed of connective 
tissue, in which the artery runs, is formed into a more or less 
distinct sheath. In this sheath the white connective tissue is 
much more abundant than are the yellow elastic elements, so that 
the sheath is far less elastic than the artery. Hence, when an 
artery and its sheath are completely cut across, the artery is, by 
elastic shrinking, retracted within its sheath. 

The most important structural features of a large artery may 
then be summed up by saying that the artery consists of a thin 
inner coat consisting of an epithelioid lining resting on an elastic 
basis of no conspicuous thickness, of a thick middle coat cousisUug 
partly of muscular fibres disposed for the most part transversely, 
and partly of stout, elastic elements, this coat being the thickest 
and most important of all three coats, and of an outer coat of 
variable thickness consisting chiefly of elastic elements intermixed 
with an increasing amount of white connective tissue. 

All arteries possess the above features. It may further be 
«Bid, that as a general rule the muscular element bears a larger 
proportion to the clastic element in the smaller than in the larger 
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arteries, that is to say, the smaller arteries are more conspicuously 
muscular, and the larger arteries more conspicuously elastic. It 
must be remembered, however, that the several arteries of the body 
differ considerably in minor features, such as the relative disposition 
and amount of muscular and elastic elements in the middle coat, 
the amount of muscular tissue in the outer coat, the proportion 
of white connective tissue present, and the like ; in the aorta, for 
instance, a considerable quantity of white connective tissue is 
present in the middle and indeed in the inner coat, as well as in 
the outer coat. Leaving these smaller differences on one side, we 
may say that while all three coats, but especially the important 
middle coat, contribute to give an artery its characteristic elastic 
qualities, by virtue of which it expands readily under internal 
pressure, and shrinks again when the pressure is removed, it i& 
the middle coat which by means of the abundant, circularly- 
disposed, muscular fibres, now through the contraction of those 
fibres narrows and constricts, now through their relaxation permits 
the widening of the vessel. The importance of the inner coat is 
probably centred in the epithelioid lining; in treating of blood, 
(§ 22) we saw reason to think that the blood vessels exerted a 
marked, though obscure influence on the blood streaming through 
tbem ; that influence in all probability is effected by the epithe- 
lioid cells. The elastic elements of the inner coat are probably 
chiefly of value in permitting this coat to follow the changes of the 
more important middle coat The outer coat, while increasing the 
elastic power ot the whole vessel, is especially useful, by means of 
its small blood vessels, in conveying nourishment to the middle coat. 

§ 110, The Veins. These vary in different parts of the body 
so very widely, that it is difficult to give a general description of 
structure suitable to all veins. It may be said, however, that they 
differ from arteries in having much thinner walls, and in those 
walls containing relatively much more white connective tissue, 
and much less yellow elastic tissue. 

A large vein possesses, like an artery, an inner coat consisting 
of an epithelioid lining, the cells of which are shorter and broader 
than in the corresponding artery, resting on an elastic basis, which 
is less conspicuous than in the corresponding artery, consists 
of a fine feltwork of fibres, rather than a fenestrated membrane, 
and contains more white connective tissue. 

In a medium sized vein, such as the saphena vein, it is possible 
to distinguish outside the inner coat, a middle and an outer coat. 
The former consists of white connective tissue, with a scanty supply 
of elastic fibres ; it contains, sometimes in considerable quantity, 
plain, muscular fibres, the bundles of which form a meshwork, wiUi 
the meshes disposed for the most part transversely. The latter 
consists also of white connective tissue, with some elastic fibres 
running longitudinally and obliquely, plain, muscular fibres being 
sometimes present, and when present disposed chiefly in a longi- 
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tndinal direction. Small vasa vasorum are present iu the outer 
coat, aud extend into the middk coat Iu many large veins 
there is no sharp distinction between a middle and outer coat ; the 
whole wrapping ruuud the inner coal consists of white connective 
with & variable quantity of elastic tissue, and of muscular tibres 
which ruu chiefly longitudinally or obliquely, aud which may he 
very scanty, or which, as in the vena portte, may be abundaut. The 
Btructure of the veins in fact varies very widely ; on the whole they 
may be said to be channels, the walls of which are elastic enough 
to adapt themselves to considerable variations iu the quantity of 
blood passing through them, without possessing, as do the arteries, 
a great store of elastic power to meet great variations in pressure, 
and which are not so uniformly muscular and contractile as are the 
arteries. And wc shall see that this general character of passive 
channels is adapted to the work which the veins have to do. 
This general character, however, is modified in certain situations to 
meet particular wants; thus while the veins of the bones and of 
the brain are devoid of muscular fibres, others, such as the vena 
portje, may be very muscular ; and in some veins, such as those of 
the extremities, a considerable quantity of elastic tissue is present. 

A minute vein just emerging from capillaries differs very little 
from an artery of corresponding size ; it is of rather wider bore, 
has decidedly less muscular and elastic tissue, and the epithelioid 
cells are shorter and broader. 

Many veius, especially those of the Umbs, are provided with 
/alves, which are pouch-like folds of the inner coat, the mouth of 
the pouch looking away from the capillaries towards the heart. 
The wall of each valve consists of a lining of epithelioid cells on the 
inside and on the outside, and between the two, a layer of white 
connective tissue, strengthened with a few elastic fibres, and some- 
what thicker than the connective tissue basis of the epithelioid 
lining of the veins generallj'. The valves may occur singly, or 
may lie two or even three abreast. The veins of the viscera, tJiose 
of the central nervous system and its membranes, and of the bones, 
do not possess valves. 

§ HI. The details of the structure of the peculiar muscular 
tissue forming the greater part of the heart we shall reserve to a 
later section ; but we may here say that the interior of the heart is 
lined with a membrane {endocardium) corresponding to the inner 
coat of the blootl vessels, and consisting of a layer of epithelioid 
cells, which, however, are shorter and broader than in the blood 
vessels, being polygonal ratiier than fusiform, resting on a con- 
nective tissue basis in which are present elastic fibres, and, in 
places, plain muscular fibres. 

The valves of the heart, like those of the veins, are folds of this 
lining membrane, strengthened by a considerable development of 
connective tissue. In the middle of the thin, free border of each 
of the semilunar valves of the aortn and pulmonary nrterj' bundles 
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of this connective tissue, meeting together, are mixed with cartilage 
cells, to form a small nodule of fibro-cartilage called the Corpus 
Arantii. 

In the auriculo-ventricular valves, muscular fibres pass in 
among the connective tissue for some little distance from the 
attached border. 

In one respect, the endocardium differs from the inner coat of 
the blood vessels ; the connective tissue in it bears blood vessels 
and lymphatics. In the case of the auriculo-ventricular valves, 
these blood vessels of the endocardium traverse a considerable part 
of, according to some, the whole of the valve, but in the case of the 
semilunar valves, stop short near the attached border, so that the 
greater part of the valve is bloodless. 



Main Features of the Apparattis. 

§ 112. We may now pass briefly in review some of the main 
features of the several parts of the vascular apparatus, heart, 
arteries, veins and capillaries. 

The heart is a muscular pump, that is, a pump the force of 
whose strokes is supplied by the contraction of muscular fibres, 
working intermittently, the strokes being repeated so many times 
(in man about 72 times) a minute. It is so constructed, and 
furnished with valves in such a way, that at each stroke it drives 
a certain quantity of blood with a certain force and a certain 
rapidity from the left ventricle into the aorta, and so into the 
arteries, receiving during the stroke and the interval between that 
stroke and the next, the same quantity of blood from the veins 
into the right auricle. We omit, for simplicity's sake, the pul- 
monary circulation by which the same quantity of blood is driven 
at the stroke from the right ventricle into the lungs, and received 
into the left auricle. The rhythm of the beat, that is, the fre- 
quency of repetition of the strokes, and the characters of each 
beat or stroke, are determined by changes taking place in the 
tissues of the heart itself, though they are also influenced by 
causes working from without. 

The arteries are tubes, with relatively stout walls, branching 
from the aorta all over the body. The constitution of their walls, 
as we have seen, especially of the middle coat, gives the arteries 
two salient properties. In the first place, they are very elastic, 
in the sense that they will stretch readily, both lengthways and 
crosswise, when pulled, and return readily to their former size 
and shape when the pull is taken off. If fluid be driven into one 
end of a piece of artery, the other end of which is tied, the artery 
will swell out to a very great extent, but return immediately to 
its former calibre when the fluid is let out. This elasticity is, 
as we have seen, chiefly due to the elastic elements in the coats. 
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elastic membranes and feltworks, but the muscular fibres being 
themselves also elastic contribute to the result. By reason of 
their possessing such stout elastic walls, the arteries when empty 
do cot collapse, bnt remain as open tubes. In the second place, 
the arteries by virtue of their muscular elements are contTactiit ; 
when stimulated either directly as by applying an electric or 
mechanical stimulus to the arterial walls or indirectly by means 
of the so-called vaso-motor nerves, which we shall have to study 
presently, the arteries shrink in calibre, the circularly disposed 
muscular fibres contracting, and so, in proportion to the amount 
of their contraction, narrowing the lumen or bore of the vessel. 
The contraction of these arterial muscular fibres, like that of all 
plain, non-striated muscular fibres, is slow and long continued, with 
A long, lat^int period, as compared with the contraction of skeletal, 
striated muscular fibres. Owing to this muscular element in the 
arterial walls, the calibre of an artery may be very narrow, or very 
wide, or in an intermediate condition between the two, neither 
very narrow nor very wide, according as the muscular fibres are 
very much contracted, or not contracted at all, or only moderately 
contracted. We have further seen that, while the relative pro- 
portion of elastic and muscular elements differs in different 
arteries, as a general rule the elastic elements predominate in 
the larger arteries and the muscular elements in the smaller 
arteries, so that the larger arteries may be spoken of as emi- 
nently elastic, or as especially useful on account of their elastic 
properties, and the smaller arteries as eminently muscular, or 
as especially useful on account of their muscular properties. Thus, 
in the minute arteries which are just passing into capillaries 
the muscular coat, though composed often of a single layer, and 
that sometimes an imperfect one, of muscular fibres, is a much 
more conspicuous and important part of the arterial wall than that 
furnished by the elastic elements. 

The arteries, branching out from a single aorta down to multi- 
tudinous capillaries in nearly every part of the body, diminish in 
bore as they divide. Where an artery divides into two, or gives off 
a branch, though the bore of each division is less than that of the 
artery before the division or branching, the two together are 
greater; that is to say, the united sectional area of the branches 
18 greater than the sectional area of the trunk. Hence the 
sectional area of the arterial bed, through which the blood flows, 
goes on increasing from the aorta to the capillaries. If all the 
arterial branches were thrown together into one channel, this 
would form a hollow cone, with its apex at the aorta and its base 
at the capillaries. The united sectional area of the capillaries 
may be taken as several hundred times that of the sectional area 
of the aorta, so greatly does the arterial Iwd widen out. 

The capillaries are channels of variable but exceedingly smaU 
8iz& The thin sheet of cemented epithelioid plates, which forms 
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the only wall of a capillary, is elastic, permitting the channel offered 
by the same capillary to differ much in width at different times, 
to widen when blood plasma and blood corpuscles are being pressed 
through it, and to narrow again when the pressure is lessened or 
cut off. The same thin sheet permits water and substances, 
including gases, in solution to pass through itself from the blood 
to the tissue outside the capillary, and from the tissue to the 
blood, and thus carries on the interchange of material between the 
blood and the tissue. In certain circumstances, at all events, white 
and even red corpuscles may also pass through the wall to the 
tissue outside. 

The minute arteries and veins with which the capillaries are 
continuous allow of a similar interchange of material, the more so 
the smaller they are. 

The walls of the veins are thinner, weaker, and less elastic 
than those of the arteries, and possess a very variable amount of 
muscular tissue ; they collapse when the veins are empty. Though 
all veins are more or less elastic, and some veins are distinctly 
muscular, the veins as a whole cannot, like the arteries, be 
characterized as eminently elastic and contractile tubes; they 
are rather to be regarded as simple channels for conveying the 
blood from the capillaries to the heart, having just so much 
elasticity as will enable them to accommodate themselves to the 
quantity of blood passing through them, the same vein being at 
one time full and distended, and at another time empty and 
shrunk, and only gifted with any great amount of muscular 
contractility in special cases for special reasons. The united 
sectional area of the veins, like that of the arteries, diminishes 
from the capillaries to the heart ; but the united sectional area 
of the vense cavae at their junction with the right auricle is 
greater than, nearly twice as great as, that of the aorta at its 
origin. The total capacity also of the veins is much greater than 
that of the arteries. The veins alone can hold the total mass of 
blood which in life is distributed over both arteries and veins. 
Indeed, nearly the whole blood is capable of being received by 
what is merely a part of the venous system, viz. the vena porta& 
and its branches. 




SEC. 2. THE MAIN FACTS OF THE CIRCULATION. 



§ 113. Before we attempt to study in detail the working of 
these several parts of the mechanism, it will be well, even at the 
riak of some future repetition, to take a brief survey of some 
of the salient features. 

At each beat of the heart, which in man is repeated about 72 
times a minute, the contraction or systole of the ventricles drives 
a quantity of blood with very great force into the aorta (and the 
same quantity of blood with less force into the pulmonary arter)'); 
the actual amount varies from time to time, but 180 c.c. (4 to 6oz.) 
may be taken as n rather high estimate. The discharge of blood 
from the ventricle into the aorta is very rapid, and the time 
taken up by it is, as we shall see, lees than the time which inter- 
venes between it and the next discharge of the next beat So 
that the flow from the heart into the arteries is most distinctly 
intermittent, sudden, rapid dischai^es alternating with relatively 
longer intervals, during which the arteries receive no Mood from 
the heart. 

At each beat of the heart just as much blood Hows, as we shall 
see, from the veins into the right auricle as escapes from the left 
ventricle into the aorta; but, as we shall also see, this inflow is 
much slower, takes a longer time, than the discharge from the 
ventricle. 

When the finger is placed on an artery in the living body, a 
sense of resistance is felt, and this resistance seems to l>e increased 
at intervals, corresponding to the heart beats, the artery at each 
heart beat being felt to riae up or expand under the finger, 
constituting what we shall study hereafter as Ih^. pulse. In certain 
arteries this pulse may he seen by the eye. When the finger is 
similarly placed on a corresponding vein, very little resistance is 
felt, and under ordinary circumstances no pulse can be perceived 
by the touch or by the eye. 

When an artery is severed, the flow of blood from the proximal 
cut end, that on the heart side, is not equable, but comes in jets. 
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corresponding to the heart beats, though the flow does not cease 
between the jets. The blood is ejected with considerable force, 
and may, in a large artery of a large animal, be spurted out to the 
distance of some feet. The larger the artery and the nearer to the 
heart, the greater the force with which the blood issues, and the 
more marked the intermittence of the flow. The flow from the 
distal cut end, that away from the heart, may be very slight, or 
may take place with considerable force and marked intermittence, 
according to the amount of collateral communicalion. 

When a corresponding vein is severed, the flow of blood, which 
is chielly from the distal cut end, that in conuectjon with the 
capillaries, is not jerked but continuous ; the blood comes out with 
comparatively little force, and ' wells up ' rather than ' spurts out.' 
The flow from the proximal cut end, that on the heart side, may 
amount to nothing at all, or may be slight, or may be considerable, 
depending on the presence or absence of valves and the amount 
of collateral communication. 

When an artery is ligatured, the vessel swells on the proximal 
side, towards the heart, and the throbbing of the pulse may be 
felt right up to the ligature. On the distal side, the vessel is 
empty and shrunk, and no pulse can be felt in it unless there 
bo free collateral communication. 

When a vein is ligatured, the vessel swells on the distal side, 
away from the heart, but no pulse is felt ; while on the proximal 
side, towards the heart, it is empty and collapsed unless there be 
too free collateral communication. 

§ 111 When the interior of an artery, for instance the carotid. 
is placed in communication with a long glass tube of not too great 
a bore, held vertically, the blood, immediately upon the communi- 
cation being effected, may be seen to rush into and to fill the tube 
for a certain distance, forming in it a column of blood of a certain 
height. The column rises not steadily but by leaps, each leap 
corresponding to a heart beat, and each leap being less than its 
predecessor; and this goes on, the increase in the height of the 
column at each heart beat each time diminiMliing, until at last 
the column ceases to rise, and remains for a while ata mean level, 
above and below which it oscillates with slight excursions at each 
heart boat 

To iatroduce suoh a tube, an artery, wy the carotid of a mbbit, 
is laid bare, ligatured at a convenient spot, I' Fig. 26, and further 
temporarily closed a little distance lower down nearer the heart by a 
iiinftll iiair of ' hull-dog ' forceps, 6rf, or by a ligature which cau bo 
Msily slipped. A V-shaped cut in noir mode in the artery between 
the forceps, M, ond the ligature /' (only the drop or two of blooil 
which happens k> remain encloeed between the two being lost) : the 
end of the tube, represented by c in the fifture, is introduced into the 
artery and secured by the ligature /. The interior of the tube is now 
in free communication with the interior of the artery, but the latter 
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is, by means of the forceps, at present shut olT from the lieart. On 
TemoviDg the forcepa a direct communicatiou is at once estaLlisheil 
between ttw tube and tbe artery below; in consequence the blood from 
Ibe heart flows througb tbe artery into the tube. 

This experiment shews that the blood as it is Uowiug into the 
carotid is exerting a considerable pressure on the walls of the 
artery. At the moment when the forceps is removed, there is 
nothing but the ordinary pressure of the atmosphere to counter- 
balance this pressure within the artery, and consequently a 
quantity of blood is pressed out iuto the tube ; and this goes on 
until the column of blood in the tube reaches such a height that 
its weight is equal to the pressure within the artery, whereupon 
no more blood escapes. The whole column continues to be raised 
ft little at each heart beat, but sinks as much during the interval 
between each two beats, and thus oscillates, as we have said, 
above and below a mean level. In a rabbit this column of blood 
will generally have the height of about 90 cm. (3 feet) ; that is to 
say, the pressure which the blood exerts on the walls of the carotid 
of a rabbit is equal to the pressure exerted by a column of rabbit's 
blood 90 cm. high. This is equal to the pressure of a column 
of water about 95 cul high, and to the pressure of a column of 
mercury about 70 mm. high. 

If a like tube be similarly introduced into a corresponding 
vein, say the jugular vein, it will be found that the column ot 
blood, similarly formed in the tube, will be a very low one, not 
more than a very few centimeters high ; and that while the level 
of the column may vary a good deal, owing as we shall see later 
to the intluenee of the respiratory movements, there will not, as 
in the artery, be oscillations corresponding to the heart beats. 

We learn, then, from this simple experiment, that in the carotid 
of the rabbit the blood, while it flows through that vesael, is 
exerting a considerable mean pressure on the arterial walls, equi- 
valent to that of a column of mercury about 70 mm. high, but that 
io the jugular vein the blood exerts on the venous walls a very 
slight mean pressure, equivalent to that of a column of blood a few 
centimeters high, or of a column of mercury three or four milli- 
meters high. We speak of this mean pressure exerted by the 
blood on the walls of the blood vessels as blood preasvre. and we 
say that the blotnl pressure in the carotid of the rabbit is very 
high (70 mm. Hg.), while that in the jugular vein is very low (only 
3 or 4 mm. Hg.). 

In the normal stat« of things, the blood flows through the 
carotid to the arterial branches beyond, and through the jugular 
vein towards the heart ; the pressure exerted by the blood on the 
artery, or on the vein is s lateral pressure on the walls of the 
artery and vein respectively. In the above experiment the pres- 
sure measured is not exactly this, but the pressure exerted at the 
fOld of the arteiy (or of the vein) where the tube is attached. Wo 
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might directly measure the lateral pressure in the carotid by S' 
what modifying the procedure described above. We might connect 
the carotid with a tube, the end of which was uot straight but 
made in the form of a J- piece, and might introduce the t- piece 
in such a way that the blood should How along one limb (the 
vertical limb) of the I- piece from the proximal to the distal part 
of the carotid, and at the same time by the other (horizontal) limb 
of the H- piece into the main, upright part of the glass tube. The 
column of blood in the tube would then be a measure of the 
pressure which the blood, as it is flowing along the carotid, is 
exerting on a portion of its walla corresponding to the mouth of 
the horizontal limb of the 1- piece. If we were to introduce 
into the aorta, at the place of origin of the carotid, a similar 
(larger) h- piece, and to connect the glass tube with the horizontal 
limb of the I- piece by a piece of elastic tubing of the same length 
and bore as the carotid, the column of blood rising up in the tube 
would be the measure of the lateral pressure exerted by the blood 
on the walls of the aorta at the origin of the carotid artery, and 
transmitted to the rigid glass tube through a certain length of 
elastic tubing. And, indeed, what is measured in the experiment 
previously described is not the lateral pressure in the carotid itself 
at the spot where the glass tube is introduced, but the lateral 
pressure of the aorta at the origin of the carotid, modified by the 
influences exerted by the length of the carotid between its origin 
and the spot where the tube is introduced. 

§ 115. Such an experiment as the one described has the dis- 
advantages that the animal is weakened by the loss of the blood, 
which goes to form the column in the tube, and that the blood 
in the tube soon clots, and so brings the experiment to an end. 
Blood pressure may be more conveniently studied by connecting 
the interior of the artery (or vein) with a mercury gauge or 
manometer. Fig. 26, the proximal, descending limb of which, m. 
is filled above the mercury with some innocuous fluid, as is also 
the tube connecting the manometer with the art«ry. Using such 
an instrument we should observe very much the same facts as in 
the more simple experiment. 

Immediately that communication is established between the 
interior of the artery and the manometer, blood rushes from the 
former into the latter, driving some of the mercury from the de- 
scending limb, m, into the ascending limb, m', and thus causing 
the level of the mercury in the ascending limb to rise rapidly. 
This rise is marked by jerks corresponding with the heart beats. 
Having reached a certain level, the mercury ceases to rise any 
more. It does not, however, remain absolutely at rest, but under- 
goes oscillations ; it keeps rising and falling. Each rise, which is 
very slight compared with the total height to which the mercury 
has risen, has the same rhythm as the systole of the ventricle. 
Similarly, each fall corresponds with the diastole. 
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At the upper right-bnnil conier ia seeu, on on enl&rffGd scale, the carucid anerjr, 
clamped bj the farreps M, with the vnguB nerve v lytug bj its aide. Tbe arteiy 
has been ligalared at r, and the ghiM caunula r has been introdaced into the artery 
between the ligature I' oud the furcepa hd, nod secured ia pogiiioD by the ligature '. 
The ohrunken artery on the distal side of the cannula ix seen at ca', 

/I.6. ia a box cuntaiaing a bottle holding a satuiated solution of aodiom car- 
bonate, or of Bodinm bicarbonate, or a mixture of the two, anil capable of being 
raiaed or lowered at pleasure. The solution Hoitb by the tahep.l. reeiilaled by the 
damp c" iuto the tube I, A syringe, with a stopcock, may tie aututitated for the 
bottle, and attached at c". Thia, iudeod. is iu many respects a more convenient plou. 
The tube [ is connected nnth the leaden tube (. and the etoucoek e with the mano- 
meter, of which m is the deacendin/^ and ni' the aacending liiub, and i the support. 
The mercury in the ascending limb btiara on its surface the floaty/, a long rod 
attached to which is fitted with tbe pan /., writing on the recording surface r. The 
clamp d. at the end of the tube I tiaa an arrangement shewn on a larger BC«]e at 
the neht-lmnd upper comer. 

The descending tube in of the manometer and the tube ' being completely filled 
along its wholn length with fluid to the exclusion of all air. the cnnnula e is filled 
with finid, slipped into the open end of the thick-walled India rubber tube i, ontil it 
meets the tube ' (whoae poaition within the india rubber tube is shewn by the dotted 
lines), and is then securely fixed in tbia position by the clamp ct. 

The stopcocks c and c" are now opened, and the preasure-boCtle raised or fluid 
driven iu by the syringe iwtil the mercury in the manometer is r^sed to the 
required height. The clamp c" is then closed and the forceps bd removed from the 
artcrr. The pressuru of tlio blood in the carotid ca, ia in conseqnence brought to 
bear through I upon the mercury in the maoumctet. 

If a float, swimming on the top of the mercury in the ascending 
limh of the manometer, and bearing a brush or other marker, be 
brought to bear on a travelling surface, some such traciog as that 
represented in Fig. 27 will be described. Each of the smaller 



Flo. 27. Tracihg of AnTEni*L PRESStTRE with a Mbhcdbt Uahoketik. 

The smaller curvaapji are the pnlieH^urves. The apace from r to rembracei 
% respiratory undulation. The tracing is lakeu from a aog, and the irregnlaritia 
risible in it are those frequently met with iu thia animal 



curves (p,p) corresponds to a heart beat, the rise corresponding to 
the systole, and the fall to the diastole of the ventricle. The larger 
undulations (r. r) in the tracing, which are respiratory in origin, 
will be discussed hereafter. In Fig. 28 are given two tracings 
taken from the carotid ot a rabbit ; iu the lower curve the record- 
ing surface is travelling more rapidly than in the upper curve ; 
otherwise the curves are alike and repeat the general features of 
the curve from the dog. 
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Dftcryalion uf E-rperimtnt. Into a carotid, tir other blood vcMel, 
prepued as explained, a amall glass tube, of §iiitabte bore, nailed a 
caanula, is introduced by the metlnKl described above, and is BubB(i> 
quently couiieftted by iiieaiia of a short jiieco of iudia rubber tubing (Fig. 
26 0, aitd a leaden or other tube t, which is at once flexible and yet not 
ext«nsible, with the desceii<liiig limb, m, of the luanometer or mercury 
gauge. The cannula, tube, and dcacendiiig limb of the manometer are 
all filled with some fluid which tends to prevent clotting of the 
blood, the one chosen being geiiemlly a strong solution of sodium 
bicarbonate, but other fluids muy be chosen. In orilcr to avoid loss 
of blood, a quantity of fluid is injected into the flexible tube suf- 
ficient to raise the mercury in the Hscending limb of the manometer 
to a level a very little below what may be beforehand guessed at 
as the probable menn [iresaure. When the forceps bd is removed, 
the pressure of the blood in the carotid is transmitted through the 
flexible tube to the manometer, the level of the mercury iu the ascend- 
ing limb of which rises a little, or sinks a little at first, or may Jo 
neither, according to the success with which the probable mean pres- 
sure has been guessed, and continues to exhibit the characteristic 
oscillations until the experiment is brought to an end by the blood 
clotting or otherwise. 

Tracings of the movements of the column of mercury in the mano- 
meter may be taken either on a smoked aiirrace of a revolving cylinder 
(Fig. 2), or by means of ink on a continuous roll of paper, aa iu tho 
more complex kymograph (Fig. 29). 

§ 116. By the help of the manometer applied to various 
arteries and veins we learn the following facts: 

(1) The mean blood pressure is high in all the arteries, but 
is greater in the larger arteries nearer the heart than in the 
smaller arteries farther from the heart ; it diminishes, in fact, 
along the arterial tract from the heart towards the cjipillai 

(2) The mean blood pressure is low in the veins, but is greater 
in the smaller veins nearer the capillaries than in tlie larger veins 
Dearer the heart, diminishing, in fact, from the capillaries towards 
tlie heart. In the large veins near the heart it may be Mgalite, 
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that is to say, the pressure of blood in the vein bearing on the 
proximal descending limb of the manometer may be less than 




the pressure of the atmosphere on the ascending dist^ Hmb, so 
that when communication is made between the interior of the vein 
and the manometer, the mercury sinks in the distal and rises in 
the proximal limb, being sucked up towards the vein. 

The manometer cannot well be applied to the capillaries, but we 
may measure the blood pressure in the capillaries in an indirect way. 
It is well known that when any portion of the skin is pressed npon, 
it becomes pal« and bloodless ; ■ this is due to the pressure driving 
the blood out of tbt> capillaries and minute vessels, and preventing 
any fresh blood entering into them. By carefully investigating 
the amount of pressure necessary to prevent the blood entering 
the capillaries and minute arteries of the web of the frog's foot, or 
of the skin beneath the nail or elsewhere in man, the internal 
pressure which the blood is exercising on the walla of the capil- 
laries and minute arteries and veins maybe approximately deter- 
mined. In the frog's web this has been found to be equal to 
about 7 or 11 mm. mercury. lu the mammal, the capillary blood 
pressure is naturally Jiiglier than this, and may be put down at 
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from 15 to 20 mm. It is. therefore, considerable, being greater 
than that in the veins, though less than that io the arteries. 

(3) There is thus a continued decline of blood pressure from 
the root of the aorta, through the arteries, capillaries and veins to 
the right auricle. We find, however, on examination, that the most 
marked fall of pressure takes place between the small arteries on 
the one side of the capillaries, and the small veins on the other, 
the curve of pres-sure being somewhat of the form given in 
Fig. 30, which is simply intended to shew this fact graphically, 
and has not been constructed by uxact measurements. 
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(4) In the arteries this mean pressure is marked by oscillations 
corresponding to the heart beats, each oscillation consisting of a 
rise (increase of pressure above the mean) corresponding to the 
systole of the ventricle, followed by a fall (decrease of pressure 
below the mean) corresponding to the diastole of the ventricle. 

(5) These oscillations, which we may speak of as the pulse, 
are lai^st and most conspicuous in the large arteries near the 
hBRFt, diminish from the heart towards the capillaries, and are. 
under ordinary circumatances, wholly absent from the veins along 
their whole extent from the capillaries to the heart. 

Obviously a great change ukes place in that portion of the 
circulation which comprises the capillaries, the minute arteries 
leading to and the minute veins leading away from the capillaries, 
and which we may sjieak of as the " peripheml region." It ia here 
that a great drop of pressure ukes place ; it is here, also, that the 
puUe disappears. 

§ 117. If the web of a frog's foot be examined with a micro- 
aco}>e. the blood, as judged of by the movements of the corpuscles, 
ta seen to be passing in a continuous stream from the email 
arteries through the capillaries to the veins. The velocity is 
grcjiter in the arteries thun in the veins, and greater in both than 
in the capillaries. In Hik arteries faint pulsations, synchronous 
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villi the heart's beat, are freqiieiii2T xisibk : but these disappear 
iii ibk capillaries, in which iLr £ow is even : that is, not broken by 
jmlssxians, and this evenness of 2ow is continued an. along the 
Ttdns BO far as we can trac* the^L Xcc infreqnentlT Tariations in 
Tejocirr and in the disuibuiaon of the lOc^od. dne to causes which 
wiD be hereafLer discnssed, are witnessed frcini time to time. 

The character ctf the f ow ihrcatgh the smaller capillaries is 
TOT rariahle. SometimtiS the cor;»Ti5cle5 sk seen passing throngh 
the channel in single file with gi^eai resnlarity: at other times 
ther mar be few and far Wrween. Sc»me of the capillaries, as we 
hare said § 107, are wide envniih i-C' permit two or more corpuscles 
alTtASL In all cases the Ik*-:*!!, as ii jiasses thrc»ngh the capillair, 
BtrefLches the walls and expands the tul«e- Sc-metimes a corpuscle 
max remain statdonair at the entran-ne iLto a caj'illaiy, the channel 
itself being for sc-me little distanoe entdrelv fiw from corpuscles. 
Sconetimes manj corpuscles will appear to remain stationary in one 
CT more capillaries for a brief perioi and then more on again. Any 
c«Kr of these conditions readily passes intc» another ; and, especially 
with a sc»mewhat feel»le circulation, instances of all of them mav 
be seen in the same field of the microscc'f»e. It is only when the 
TesBrrls of the wel« are unusually full of blood that all the capil- 
larie? can l»e seen equally filled with corf»uscles. The long, oval, 
Kjd c.or:»uscle move^ with its long axis parallel to the stream, 
OK^asictnally rcitating c>n its k'Ug axis, and Sf:»metimes, in the laiger 
cLiiXLiirrlK. on it? sh<:«n axis. The flexibilitv and elasdcitr of a 
c^.t; uscie are well seen when it is being driven into a capillary 
litTrjwer than itself, or when it Incomes temporarily lodged at 
tLe angle l»etween two diverging channels. 

These, and ^i-ther jhenomena on which we shall dwell later on, 
may be readily seen in the web of the frog's foot or in the 
stretched-C'Ut t^jHirae or in the mesentery of the frog ; and essen- 
tially FJniilar j-henoiDena may be observed in the mesentery or 
other transparent tissue of a mammal All over the body, 
wherever cap-iHaries ait present, the coTj»uscles and the plasma 
are being driven in a continuous, and though somewhat irre- 
gular, yet. on the whole, steady flow through channels so minute 
that tLe passage is manifestly attended with considerable diflS- 
cultie'?. 

It is ohvious that the peculiar characters of the flow through 
the minute arteries, capillaries, and veins, afford an explanation 
of the great change, taking place in the peripheral region, between 
the arterial fiow and the venous flow. The united sectional area 
of the capillaries is. as we have seen, some hundreds of times 
greater than the sectional area of the aorta; but this united 
sectional area is made up of thousands of minute piassages, vary- 
ing in man from 5 to iiO ^, some of them, therefore, being in 
an undist^nded condition, smallrr than the diameter of a xed 
corpuscle. Even were the blood a simple liquid free from all 
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corpuscles, these extremely minute passages would occasion a 
very great amount of frictiou, and thus present a considerable 
obstacle or resistance to the flow of blood through them. Still 
greater must be the friction and resistance occasioned by the 
actual blood with its red and white corpuscles. The blood, in fact, 
meets with great difficulties in its passage through the peripheral 
region, and sometimes, as we shall see, the friction and resistance 
are so great iu the peripheral vessels of this or that area that no 
blood at all passes through them, and ao arrest of the How takes 
place in the area. 

The resistance to the How of blood thus caused by the friction 
generated in so many minute passages is one of the most important 
physical facts in the circulation. In the lai^e arteries the friction 
is small ; it increases gradually aa they divide, but receives its 
chief and most important addition in the minute arteries and 
capillaries : it is relatively greater in the minute arteries than in 
the capillaries on account of the flow being more rapid in the 
former, for friction diminishes rapidly with a diminution in the 
rate of flow. We may speak of it aa the ' peripheral friction," 
and the resistance which it offers as the ' peripheral resistance.' 
It need, perhaps, hardly be said that this peripheral resistance 
not i>nly opposes the How of blood through the capillaries and 
minute arteries themselves where it is generated, but, working 
backwards along the whole arterial system, has to be overcome 
by the heart at each systole of the ventricle. 



ffifdrniUic Principles of the Circulation. 

§ 118. In the circulation, then, the following three facta of 
fundamental importance are met with : 

1. The systole of the ventricle, driving at intervals a certain 
quantity of blood, with a certain force, into the aorta. 

2. The peripheral resbtance just described. 

3. A long stretch of elastic tubing (the arteries), reaching 
from the ventricle to the region of peripheral resistance. 

From these facts we may explain the main phenomena of the 
circulation, which we have previously sketched, on purely physical 
principles, without any appeal to the special properties of living 
tissues, beyond the provision that the ventricle remains capable 
of good rhythmical contractions, that the arterial walls retain 
their elasticity, and that the friction between the blood and the 
lining of the peripheral vessels remains the same; we may thus 
explain the high pressure and pulsatile flow in the arteries, the 
steady stream through the capillaries, the low pressure and the 
uniform pulseless flow in the veins, and, finally, the continued flow 
of the blood from the aorta U) the mouths of the venie cava;. 

All the above phenomena in fact are the simple results of an 
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ntermittent force (like that of the systole of the ventricle) workiug 
n a closed circuit of branching tubes so arranged that, while the 
ndividual tubes first diminish iu calibre (from the heart to the 
capillaries) and then increase (from the capillaries to the heart), 
the area of the bed first increases and then diminishes, the tubes 
together thus forming two cones placed base to base at the capil- 
laries, with their apices converging to the heart, and presenting 
at their conjoined bases a conspicuous peripheral resistance, the 
tubing on one side, the arterial, being eminently elastic, and on 
the other, the venous, aflbrdiug a free and easy passage for the 
blood. It is the peripheral resistance (for the resistance offered 
by tlie friction in the larger vessels may, when compared with 
this, be practically neglected), reacting through the elastic walls 
of the arteries upon the intermittent force of the heart, which 
gives the circulation of the blood its peculiar features. 

§ 119. Circumstances deUminimj the character of the flow. 
When fluid is driven by an intermittent force, as by a pump, 
through a perfectly rigid tube, such as a glass one (or a system of 
such tubes), there escapes at each stroke of the pump from the 
distal end of the tube (or system of tubes) just as much fluid as 
enters it at the proximal end. What happens is very like what 
would happen if, with a wide glass tube completely filled with 
billiard balls lying iu a row, an additional ball were pushed in at 
one end ; each hall would be pushed on in turn a stage further, 
and the last ball at the further end would tumble out. The 
escape, moreover, takes place at the same time as the entrance. 

This result remains the same when any resistance to the How is 
introduced into the tube, as, for instance, when the end of the tube 
is narrowed. The force of the pump remaining the same, the 
introduction of the resistance undoubtedly lessens the quantity 
of fluid issuing at the distal end at each stroke, but it at the 
same time lessens the quantity entering at the proximal end ; 
the inflow and outflow remain equal to each other, and still occur 
at the same time. 

In an elastic tube, such as an india rubber one (or in a system 
of such tubes), whose sectional area is sufficiently great to offer 
but little resistance to the progress of the fluid, the flow caused 
by an intermittent force is also intermittent. The outflow being 
nearly as easy as the inflow, the elasticity of the walls of 
the tube is scarcely at all called into play. The tube behaves 
practically like a rigid tube. When, however, sufficient resistance 
is introduced into any part of the course, the fluid, being unable 
to pass by the resistance as rapidly as it enters the tube from 
the pump, tends to accumulate nn the proximal side of the re- 
sistance. This it is able to do by expanding the elastic walls of 
the tube. At each stroke of the pump a certain quantity of fluid 
enters the tube at the proximal end. Of this only a fraction can 
pass through the resistance during the stroke. At the moment when 
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the stroke ceases, the rest still remains on the proximal side of the 
resistaace, the elastic tube haviny expanded to receive it. During 
the interval between this aud the next stroke, the distended 
elastic tube, striving to return to its natural undistended con- 
dition, presses on this extra quantity of fluid which it contains 
and tends to drive it past the resistance. 

Thus in the rigid tube (and in the elastic tube without the 
resistance) there issues, from the distal end of the tube, at each 
stroke, just as much fluid as enters it at the proximal end, while 
between the strokes there is perfect quiet. In the elastic tube 
with resistance, on the contrary, the quantity which passes the 
resistance is only a fraction of that which enters the tube from 
the pump at any one stroke, the remainder or a portion of the 
lemaiuder continuing to pass during the interval between the 
strokes. In the former case, the tube is no fuller at the end of the 
stroke than at the beginning ; in the latter case there is an accu- 
mulation of fluid between the pump and the resistance, and a 
corresponding distension of that part of the tube, at the close of 
each stroke, — an accumulation and distension, however, which go 
on diminishing during the inter\'al between that stroke and the 
next. The amount of fluid thus remaining after the stroke will 
depend on the amount of resistance in relation to the force of the 
stroke, and on the distensibility of the tube ; and the amount which 
passes the resistance before the next stroke will depend on the 
degree of elastic reaction of which the tube is capable. Thus, if the 
resistance be very considerable in relation to the force of the stroke, 
and the tube very distensible, only a small portion of the fluid will 
pass the resistance, the greater part remaining lodged between the 
pump and the resistance. It the elastic reaction be great, a large 
portion of this will be passed on through the resistance before the 
oext stroke comes. In other words, the greater the resistance (in 
relation to the force of the stroke), and the more the elastic force 
is brought into play, the less intermittent, the more nearly conti- 
nuous, will be the flow on the far side of the resistance. 

If the first stroke be succeeded by a second stroke before ita 
quantity of fluid has all passed by the resistance, there will be an 
additional accumulation of fluid on the near side of the resistance, 
an additional distension of the tube, an additional strain on its 
elastic powers, and. in consequence, the flow between this second 
stroke And the third will be even more marked than that between 
the flrst and the second, though all three strokes were of the same 
force, the addition being due to the extra amount of elastic force 
called into play. In fact, it is evident that, if there be a sufficient 
store of elastic power to fall back upon, by continually re|>eating 
the strokes a state of things will be at last arrived at. in which the 
elastic force, railed into play by the continually increasing dis* 
tension of the tube on the near side of the resistance, will t)e 
sufficient to drive through the resistance, between each two strokes, 
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just as much fluid as enters the near end of the system at each 
stroke. In other words, the elastic reaction of the walls of the 
tube will have converted the intermittent into a continuous flow. 
The flow on the far side of the resistance is in this case not the 
direct result of the strokes of the pump. The force of the pump 
is spent, first in getting up, and afterwards in keeping up the 
distension of the tube on the near side of the resistance ; the 
immediate cause of the continuous flow lies in the distension of 
the tube, which leads it to empty itself into the far side of the 
resistance at such a rate that it discharges through the resistance 
during a stroke and in the succeeding interval just as much as it 
receives from the pump by the stroke itself. 

This is exactly what takes place in the vascular system. The 
friction in the minute arteries and capillaries presents a consider- 
able resistance to the flow of blood through them into the small 
veins. In consequence of this resistance, the force of the heart's 
beat is spent in maintaining the whole of the arterial system in a 
state of great distension ; the arterial walls are put greatly on the 
fetretch by the pressure of the blood thrust into them by the re- 
j>eated strokes of the heart; this is the pressure which we spoke of 
above as blofxl pressure. The greatly distended arterial system is, 
by the elastic reaction of its elastic walls, continually tending to 
empty itself by overflowing through the capillaries into the venous 
Hy>^Uiin ; and it overflows at such a rate, that just as much blood 
paHHeK from the arteries to the veins during each systole and its 
hu<^'At(ni'\n*2, <liast<)le as enters the aorta at each systole. 

j5 120. Indeed, tlie important facts of the circulation which 
we have as yet studied may be roughly but successfully imitate 
on an artificial model, Fig. 31, in which an elastic sjTinge repre- 
MMitK Um* heart, a long piece of elastic india rubber tubing the 
arterieH, anoth<*r jnece of tubing the veins, and a number of 
wmalhT connefitin;^ j^ieces the minute arteries and capillaries. If 
thissc (',(mw*('Uuii i)i(*ces bo made at first somewhat wide, so as to 
<ill<*i no /n*at n*Kistance to the flow from the artificial arteries 
to the nrtifirial vi'ins, but be so arranged that thev mav be made 
nnnovv, hy th<' wn*wing-up of clamps or otherwise, it is possible to 
illu.^ir:it<' the behaviour of tlie vascular mechanism when the peii- 
pheijil rehiHtanoe is h'ss tlian usual (and as we shall see later on, it 
is |i<».s.si|jli* ill th«* hviii;^' orjj:anism either to reduce or to increase 
what mny be (MniHidered as the normal peripheral resistance), and 
to fompjirv that behaviour with the behaviour of the mechanism 
wh«Mi I he |M'ripheral resisUnnee is increased. 

The \vhoh« appfiratus bein*; placed flat on a table, so as to 
ftv«»itl <liir«'retj('es ill level in dillerent parts of it, and filled with 
waUT. hul so as not to tlisteiul tlie tubing, the two manometeis 
tittaeheii, oii*», A, to the arterial side of the tubing, and the otber. 
I', to the venous side. oujLiht to show the mercury standing at 
ei{ual hoi<^htN in both limbs of both instruments, since nodiiiv: 
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but the pleasure of the atmosphiiiv is bearing i 
tubes, and that equally all over. 



I the fluid in the 
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P, uDibaded, ii an elutiu tnlio to reprownt the fuierittl ifitem bnnching U 
X and Y, anil ondiDK in the rej^nii al iwriphonl rMistoiice. induditig the MpilUrioB, 
which are imitated By filling luoaelj with small piece* of iponge the pact« ahewn ai 
dilated iu tlie fignre. Tbe capillariea are j^liered up into tha Teniiiu srMem, ahaded, 
whicli tenninateit at O. Water ii driven Into the nnerial Ryatcro at "P hj maani of 
an elaatic bag-syringe, or any uther furm of pantp. Clamp* are placed on the 
nndilaied tuben c, c". c". When Ihem clampx are tightousU. tbo only accon for the 
irater from the arterial to the venoiu side a through the dilated parts filled with 
•ponge, which oiler a considerable reaiiitatice to the flow of fluid through them. 
When the clampa are unloosed the Boid paMM. with much lem reiiBtaDce. throneh 
Ibe nadilated lulwa. Thoii by tighienine "' luoiieiiing the clampe tbe " periphenu " 
reeJAance may be inoreancd or diniiaLiilieJ nl pleaaore. 

At A, on the arterial siile, anil at V, on tbo veuons lide, manometen can be 
attached. At a and f (and alto at t and |r} by meane of rlaiiipa, the fluw of flnid 
ftDlD an artery and from a vein, under vnrioug conditions, may he observed. At Sa, 
Sa, anil St, sphygmograpbs may be applied. 

If now. the connectiug pieces being freely open, that is to say, 
the peripheral resistance being very little, we imitate a ventricular 
beat by the stroke of the pump, we shall observe the following. 
Almost immediately aft«r the stroke the mercury in the arterial 
manomet«T will rise, but will at once fall again, and very shortly 
afterwards the mercury in thi- venous tube will in a similar manner 
rise and fall. If we repent the strokes with a not too rapid rhythm, 
each stroke having the same force, and make, as may by a simple 
contrivance be effected, the two manometers write on the same 
recording surface, we shall obtain curves like those of Fig. 32, 
A and v. At each stroke of the pump the mercury in the 
arterial manometer rises, but forthwith falls again to or nearly to 
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resistance, and drives the fluid more and more rapidly through 
the peripheral region. At last the arterial system is so distended. 




Flit 33. TrACIMOS taken from an artificial SCIIBME with the PBRIPilERAL 



A', Arterial. I", Venous Ntuiometer. 

and the force of the clnRtic reaction so great, that during the stroke 
and the fiuccecding interval just as inucli Hiiid passes through the 
jieriphernl region as enters the arteries at the stroke. In otiier 
words, the repeated strokes have established a mean arterial pres- 
sure which at the point where the mnnumeter is attixed is raised 
sli<^hl1y at each ventricular stn)ke, and falls equally between the 
strokes. 

Turnin<; now to the venous manometer. Fig. 33 V, we ob- 
serve that each stroke of the pump pro<iiice3 on this much less 
effect than it did bcf<ire the introduction of the increa.<ietl peri- 
pheral resistance. The mercnry, instead of distinctly rising and 
fulling at each stnike, now shews nothing more than very gentle 
undulations ; it feels to a very slight degree only the direct effect 
of the ventricular stroke; it is simply raised slightly above the 
hasM line, and remains fairly steady nt this level. The slight rise 
marks- the mean pressure exerted by the fluid at tin? jilace of 
iittJirhment of the manometer. Tliis mean ' venous " pn'ssun- is a 
continuation of the mean arterial pressure so obvious in the nrteria! 
manoniet^sr, l)ut is much less than that because a large part of the 
arU:riaI mean pressure has been expended in driving the fluid past 
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What remaius is, however, sufficient 
wide venous tubiug right to the 



the peripheral resistance, 
to drive the fluid i " 
open end. 

Thus this artificial model may be made to illustrate how it 
comes about that the blood flows iu the arteries at a relatively 
high pressure, which at each ventricular systole is raised slightly 
above, and at each diastole falls slightly below a certain mean 
level, and flows in the veins at a much lower pressure, which does 
not shew the immediate effects of each heart beat. 

If two manometers, instead of one, were attached to the 
arterial system, one near the pump and the other farther off, close 
to the peripheral reaistauce, the pressure shewn by the neat 
manometer would be Found to be greater than that shewn by 
the far one. The pressure at the far point is leas because some of 
the pressure exerted at the near point has been used to drive the 
fluid from the near point to the far one. Similarly on the venous 
side, a mauonieter placed closed to the peripheral region would shew 
a higher pressure than that shewn by one farther off, because it is 
the pressure still remaining in the veins near the cnpillariea which, 
assisted as we shall see by other events, drives the blood onward 
to the larger veins. The blood pressure is at its highest at the 
root of the aorta, and at its lowest at the mouths of the vena; cavce. 
and is falling all the way from one point to the other, because all 
the way it is being used up to move the blood from one point to 
the other. The great drop of pressure is, as we have said, in the 
peripheral region, because more work has to be done in driving 
the blood through this region than in driving the bliK>d from the 
heart to this region, or from this region to the heart. 

The manometer on the arterial side of the model shews, as we 
have seen, an oscillation of pressure, a pulse due to each heart 
beat ; and the same pulse may be felt by placing a linger or rendered 
visible by placing a light lever on the arterial tube. It may 
further be seen that this pulse is most marked nearest the pump 
and becomes fainter as we pass to the periphery ; but we mu.'Jt 
reserve the features of the pulse for a special study. On the 
venous side of the model no pulse can be detected by the mano- 
meter or by the finger, provided that the peripheral resistance be 
adequate. If the peripheral resistance be diminished, as by 
unscrewing the clamps, then, as necessarily follows from what has 
gone before, the pulse {tasses over on to the venous side ; and, 
as we shall have occasion to ^loint out later on, in the living 
organism the peripheral resistnnee in particular areas may be at 
times so much lessened that a distinct pulsation appears in the 
veins. 

If in the model, when the pump is in full swing, and arterial 
pressure well established, the arterial tube be pricked or cut, or 
the small side tube a be opened, the water will gush out in jets, t 
does blood from a cut artery in the living body, whereas if the 
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venous tube be Biniilnrly pricked or cut, or the small tube « be 
Qpened, the water will simply ooze out or well up. as does blood 
from a vein in the living body. If the arterial tube be ligatured, it 
will swell on the pump side, and shrink on the peripheral side ; if 
the venous tube be ligatured, it will swell on the side nearest the 
capillaries and shrink on the other side. In short, the dead model 
will shew all the main facts of the circulation which we have as 
yel described. 

§ 121. In the living body, however, there are certain helps to 
the circulation which cannot bo imitated by such a model without 
introducing great and undesirable complications ; but these chiefly 
affect the now along the veins. 

The veins are in many places provided with valves so con- 
structed aa to offer little or no resistance to the flow from the 
capillaries to the heart, but effectually to block a return towards 
the capillaries. Hence any external pressure brought to bear 
upon a vein tends to help the blood to move forward towards the 
heart In the various movements carried out by the skeletal 
muscles, such an external pressure is brought to bear on many of 
the veins, and hence these movements assist the circulation. 
Even passive movements of the limbs have a similar effect. 

The flow along the large veins of the abdomen is assisted by 
the pressure rhythmically brought to hear on them through the 
movements of the diaphragm in liruathing, as well as, at times, by 
the forcible contractions of the abdominal muscles. Again, the 
movements of the alimentary canal, carried out by means of plain, 
muscular tissue, promote the flow along the veins coming from 
that canal, and when we come to study the spleen we shall see 
that the plain, muscular fibres, which are so abundant in that 
organ in some animals, serve by rhythmical contractions to 
pump the blood regularly away from the spleen along the splenic 
veins. 

When we come to deal with respiration, we shall see that each 
enlargement of the chest constituting an inspiration tends to draw 
the blood towards the chest, and each return or retraction of the 
chest walls in expiration has an opposite effect, and. if powerful 
enough, may drive the blood away from the chest. The arrange- 
ment of the valves of the heart causes this action of the respiratory 
pump to promote the flow of blood in the direction of the normal 
circulation ; and, indeed, were the heart perfectly motionless the 
working of this respiratory pump alone would tend to drive the 
bloud from the vena' cav^ through the heart into the aorta, and so 
to keep up the circulation ; the force so exerted, however, would, 
without the aid of the heart, be able to overcome a very small 
part only of the resistance in the capillaries and small vessels of 
the lungs, and so would prove actually inefiectnal. 

There are, then, several helps to the flow along the veins, but 
it must be remembered that however useful, they are helps only 
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and not the real cause of the circulation. The real cause of the 
flow is the ventricular stroke, and this is sufiBcient to drive the 
hlood from the left ventricle to the right auricle, even when every 
muscle of the body is at rest, and breathing is for a while stopped, 
— when, therefore, all the helps we are speaking of are wanting. 



Circumstances determining the Hate of the Mow, 

§ 122. We may now pass on to consider briefly the rate at 
which the blood flows through the vessels, and first the rate of 
flow in the arteries. 

When even a small artery is severed, a considerable quantity 
of blood escapes from the proximal cut end in a very short space of 
time. That is to say, the blood moves in the arteries from the heart 
to the capillaries with a very considerable velocity. By various 
methods, this velocity of the blood current has been measured at 
different parts of the arterial system ; the results, owing to imper- 
fections in the methods employed, cannot be regarded as satis- 
factorily exact, but may be accepted as approximately true. They 
shew that the velocity of the arterial stream is greatest in the 
largest arteries near the heart, and diminishes from the heart 
towards the capillaries. Thus in a large artery of a large animal, 
such as the carotid of a dog or horse, and probably in the carotid of 
a man, the blood flows at the rate of 300 or 500 mm. a second. 
In the very small arteries the rate is probably only a few mm. a 
second. 

Methods. The Haemadromometer of Volkmann. An artery, e.g. a 
carotid, is clamped in two places, and divided between the clamps. Two 
cannulse, of a bore as nearly equal as possible to that of the artery, or of 
a known bore, are inserted in the two ends. The two cannulae are con- 
nected by means of two stopcocks, Avhich work together, with the two 
ends of a long glass tube, bent in the shape of a y^ and filled with 
normal saline solution, or with a coloured, innocuous fluid. The clamps 
on the artery being released, a turn of the stopcocks permits the blood 
to enter the proximal end of the long (J tube, along which it courses, 
driving the fluid out into the artery through the distal end. Attached 
to the tube is a graduated scale, by means of which the velocity with 
which the blood flows along the tube may be read off". 

The Rheometer (Stromuhr) of Ludwig. The principle of this 
consists in measuring the time which it takes the flow through an 
artery to fill and refill a vessel of known capacity a certain number 
of times. The instrument (Fig. 34), which consists of two glass bulbs, 
one being of known capacity, is connected, like the foregoing in- 
strument, with two cannulsB fixed in the tAvo ends of a severed 
artery, and is so arranged that the bulb of known capacity can be 
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Tepeatedly filled aud refilled in nuccesaion. Frou 
it takes to fill tlie bulb a certain number of tiuius 
artery n calculated. 



the ]en;;,'lli of time 
Lite fliiw through the 




placed rMpectit'ely iutu the pruKiin&l aud diMal 
IQI nniui oi lae uierj uiicier vxnminaciou. O it a metal diw ravolviujr OD a lowoT 
•itnlliu' disc J-:. A Bud h arc glum baltw (whicb cau lie filled thruDsh C) Axed Dpoa 
£*; the capacity ut j) up tu the mark i is kiiuwn. UuIck are Uireo throngb O and 
£ in *iicfa a way that iu the posiliun shewn in tbe figure fluid pwae* Trom O 
throngb a' and a iuUi A, and ao bj 0, b and b' to H. If the diw h be tutooil 
thniugh two rif^ht angles, fluid panes [rnui a' lo b and >u by U, A, and a to b'. It 
it be tamed throueh uoe right augle unly the flald passes directly from U Xa U 
witbunt entering iFie bulbs st all. A is filled with pure oil np to the mark z, li 
with ileQbriiiHted blood Tbe blood is nllowed to How Irom G into A until tbe 
whole of the oil is driven into B. the deflbrinat«d bloud occupying which is driveu 
into //. Then, by a rapid turn, the po«itiou of A and B is roTened. and tbe oil 
dnveo back into A : then again by another turn back from A into B, and so uu 
until I'lutting .■unn the obsorratiou. Tha lime which IE takes the flow through (i 
lo fill .4 (up to the mark r) alternately with blood anil oil, lieiug thus determinod. 
the sectional area of G aud the capocil; of A being known, the velocity of tbe flow 
thluDgh G may be calculated. 

The Hcemata': I IOmeter of Vierordt in coniilriicted on the principle of 
tneaaurin^' the velocity of the cuireiit by obaerrinf; tha nmount of devia- 
tion uniltirgone hy a )>eiiduluu, the free end of which hongs lotMely iu 
tho atnuiM). 

Ad instrument Imspil on the aiinie principle his been invented hy 
ChauvoAu and improved by Lortet, Fig. 35. A somewhat wide talv, 
the wall of which U nt one point composod of an india nibber membrane, 
ia introduced between tlio two cut ends of an artery. A long, light 
lever |>iuroM the india rubber membraiio:. Tho aliort, expanded arm of 
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TIk moTemectd of the shoit ann gire rise to coireepoiidiiig morementB 
in the opposite diiectioii of the long Mim outnie the tabe^ mnd tbeseiy 
hj means of a marker attached to the end of the long aim, maj be 
dir^ctlj inscribed on a recording snrfue. This instrument is best 
adapterl for obeening changes in the velocitT of the flow. For deter- 
mining actual velocities it has to be experimentallj graduated. 

The rapidity of the flow, and especially variations in the rapidity, may 
also be studied in a more indirect manner by means of the following 
method, called the ' plethysmographic method.' 

The principle of the plftAygwtoynrpk is that changes in the Tolame 
of a part or of an orpui of the body, are measured by the displacement 
of flnid in a chamber with rigid walls surrounding the part or organ. 
A part of the body, the arm. for instance, is intiodaoed into a cham- 
ber with n?id walls, such as a large glass cylinder, which is filled 
with flnid, the opening by which the arm is introdaced being closed 
with an india rubber ring t-^r with plaster of Paris. The cavity of the 
chamber is D:>nnect6d, at one spot, with a narrow glass tube, open at 
the end, in which the fluid, after the introdnction of the arm, stands at 
a certain level. Any change in the volume of the arm manifests itself 
by a chan$;e in the level of the flnid in the tube ; when the arm shrinks 
the level falls, when the ami swells, the level rises. And by means of 
a piston working in the tube, or by a float bearing a marker and 
swimming on the top of the fluid, or bv other contrivances, a graphic 
record of the changes in the level of the fluid in the tube and so of the 
changes in the volume of the arm may be obtained. Such an instru- 
ment U called a plethysmop^ph ; and, as we shall see it may be applied 
in various ways to various parts and organs of the body. 
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Now, choDges in tho vulumo of the urm ure uiainly raaseJ (we dia; 
for tho present neglect other causes) by uhanges in the ijuautity of 
blood present in that portion of thu arm whiuh lice within the cylinder. 
Upon examination it ia fuiitid that besides certain slower changes of 
volume wiiicb take place from time to lime, there are changes of volnme 
corresponding t^i each heart l>eat. At each heart lieat the volume firat 
increases and then decreases again, reaching before the next heart beat 
the same measure which it had just preceding the beat ; there is, wo 
may say, a pulsation of vohime like the actual pulse ; and we may, by 
the graphic method, obtain a curve of the changes in volume, a " volume 
curve." An increase of volume, a rifle of the curve, nieana that the 
hlood is flowing into the ami, within the cylinder, by the (axillary) 
artery at the level of tlie rim of the cylinder, more swiniy than it is 
flowing out by the (axillary) vein or veins at the same level ; a decrease 
of volume, a fall of the curve, means that the blood is flowing in less 
swiftly than it is flowing out ; and a stationary volume, the curvn 
neither rising nor fallin;^, means that the hlood is flowing in just as fast 
as it is flowing out. The steeper the ascent of the volume curve, tho 
greater is the mpidity of the arterial inflow, and any lessening of the 
steepness of the ascent means a diininution of that rapidity ; when 
the steepness is lessened so much that the curve runs jnrallel to the 
Iiase line, then, whatever tbe actual height of the curve, the inflow by 
the artery ia only just as rapid ax the outflow by the veiu. Hence, tlie 
dimensions of the parts of the apparatus being known, we may calculate 
bow many more or how many less cubic cm. of blood are flowing pet 
second, or per fraction of a second, in hy the artery, than are flowing 
out by the vein. But, ns we have seen, the flow in tbe veins is constant 
so far as each individual heart beat is concerned ; it is not directly 
influenced by each heart heat. Hence, having obtained by means of 
the instrument a curve of the change of volume of the arm, we may 
from that calculate out a curve of tbe changes in rapidity of the flow 
in the artery at the level of the mouth of the cylinder. In this 
way it is ascertained that with each heart beat the rapidity of the flow 
at first rises very quickly, then more slowly, then ceases to rise, after 
which it sinks, and, indeed, sinks to such a degree as to shew that 
the hluod at this moment is flowing less rapidly in the artery than in 
the rein, but subsequently rises again to fall once more, just l)eforc the 
next heart beat, to the same rate as at the beginning of the beat which 
is being Btudie<t. Moreover, it is possible by help of certain assump- 
tions to calculate the amount of the whole flow through the artery 
(and through the vein) in a given time, that is to say, the octu^ 
rapidity of the flow. 

In the capillaries, the rate is slowest of all. In the web of the 
frog the flow as judged by the movement of the red corpuscles may 
be directly measured under the microscope by means of a micro- 
meter, and is found to be about half a millimeter in a second ; 
but this is probably a low estimate, since it is only when the 
circulation is somewhat slow, slower, perhaps, than what ought to 
be considered the normal rate, that the red corpuscles caa be 
distmctly seen. In tbe mammal the rate has been estimated 
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THE BATE OF FLOW. 

at about -75 millimeters a second, but is probably quicker even 
than tbis. 

As regards the veins, the How is very alow in the small veins 
emerging from the capillaries but increases as these join into larger 
trunks, until in a large vein, such as the jugular of the dog, the 
rate is about 200 mm. a second. 

§ 123. It will be seen, then, that the velocity of the flow is in 
inverse proportion to the width of the bed, to the united sectional 
areas of the vessels. It is greatest at the aorta, it diminishes 
along the arterial system to the capillaries, to the united bases 
of the cones spoken of in § 112, where it is least, and from thence 
increases again along the venous system. 

And, indeed, it is this width of the bed and this alone which 
determines the general velocity of the flow at various parts of the 
system. The slowness of the flow in the capillaries is not due to 
there being so much more friction in their narrow channels than in 
the wider canals of the larger arteries ; for the peripheral resist- 
ance caused by the friction in the capillaries and small arteries is 
an obstacle not only to the flow of blood through these small 
vessels, where the resistance is actually generated, but also to the 
escape of the blood from the large into the small arteries, and, 
indeed, from the heart into the large arteries. It exerts its 
influence along the whole arterial tract And it is obvious that if 
it were this peripheral resistance which checked the flow in the 
capillaries, there could be no recovery of velocity along the venous 
tract. 

The blood is flowing through a closed system of tubes, the 
blood vessels, under the iutlnence of one propelling force, the systole 
of the ventricle ; for this is the force which drives tlie blood from 
ventricle to auricle, though, as we have seen, its action is modified 
in the several parts of the system. In such a system the same 
quantity of fluid must pass each section of the system at the same 
time, otherwise there would be a block at one place, and a 
deficiency at another. If, for histance, 
a fluid is made to flow by some one 
force, pressure or gravity, through a 
tube A (Fig. 36) with an enlargement 
B, it is obvious that the same quantity 
« e b of fluid must pass through the section 

Fig. 36 '' as passes through the section a in 

the same time, — for instance, in a 
second. Otherwise, it less passes through h than a, the fluid would 
accumulate in B, or if more, B would be emptied. In the same 
way just as much must pass in the same time through the section 
c as passes through a or 6. But if just as many particles of water 
have to get through the narrow section a in the same time as 
they have to get through the broader section c. they must move 
more quickly through a than through c, or more slowly through c 



Chap, it.] THE VASCULAR MECHANISM. 22T 

than through a. For the same reasou, water llowiiig along a river 
impelled by one force, viz. that of gravity, rushes rapidly through 
a 'narrow.' and flows sluggishly when the river widens out into 
a ' broad.' The flow through B will be similarly slackened if B, 
insttiad of being simply a single enlargement of the tube A, consists 
of a number of small tubes branching out from A, with a united 
sectional area greater than the sectioqal area of A, In each of 
such small tubes, at the line c, for instance, the flow will be slower 
than at ti, where the small tubes branch out from A, or at b, where 
they join again to form a single tube Hence it is that the blood 
rushes swiftly through the arteries, flows slowly thruugh the 
capillaries, but quickens its pace again in the veins. 

An apparent contradiction to this principle that the rate of 
flow is dependent on the width of the bed is seen in the case 
where, the fluid having alternative routes, one of the routes is 
temporarily widened. Suppose that a tube A divides into two 
branches of equal length x and i/, which unite again to form the 
tube V. Suppose, to start with, that x and 1/ are of equal 
diameter: then the resistance offered by each being equal, the 
flow will be equally rapid through the two, being just so rapid 
that as much fluid passes in a given time tlirough x and y together 
as passes through A or through V. Rut now suppose ^ to be 
widened: the widening will diminish the resistance offered by y, 
and, in consequence, supposing that no material change takes 
place in the pressure or force which is driving the fluid along, more 
fluid will now pass along ; in a given time than did before , that is 
to say, the rapidity of the flow in 1/ will be increased. It will be 
increased at the expense of the How through t, since it will still 
hold good that the flow through x and 1/ together is equal to the 
flow through A and through K We shall have occasion later on 
to point out that a small artery, or a set of small arteries, may 
be more or less suddenly widened, without materially affecting the 
general blood pressure winch is driving the bloixl through the 
artery or set of arteries. In such cases the flow of blood through 
the widened artery or arteries is, for the time, being increased in 
rapidity, not only in spite' of, but actually in consequence of the 
artery being widened. 

It must be understood, in fact, that this dependence of the 
rapidity of the flow on the width of the bed applies to the general 
rate of flow of the whole circulation ; and that while, on account of 
the widtli of the \>ed, the flow through the capillaries is slower 
than through the small arteries and veins, that through the small 
arteries slower than through the larger arteries, and that through 
the small veins slower than through the larger veins, the actual 
rapidity in any individual capillary, small artery or small vein, or 
in any individual sets of these, varies largely from time to time, 
owing to changes of circuroatances, prominent among which are 
changes in tlie resistance to the flow, — changes which, as we shall 
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see, may be brought about in vaiioas ways. Hence, anr nomerical 
statement as to the rate of flow in these TesseLs most be regarded 
as a general statement only. 

Moreover, it most be remembereil that though we speak of the 
flow past a point of a large artery as being of a certain rapidity, 
say 300 mm. a second, that rapidity is continually varying. The 
cause of the flow through the whole system is the pressure of the 
ventricxdar systole manifested as what we have called bl«XMi 
pressure. At each point along the system nearer the left ventricle, 
and therefore further froin the right auricle, the pressure is greater 
than at a point further from the left ventricle, and so nearer the 
right auricle ; it is this difference of pressure which is the real 
cause of the flow from the one point to the other; and other 
things being equal the rapidity of the flow will depend on the 
amount of the difference of pressure. But the pressure exerted 
by the ventricle is not constant ; it is intermittent, rhythmically 
rising and falling. Hence at every point along the arterial system 
the flow is incr^ised in rapidity during the temporary increase of 
pressure due to the ventricular systole, and diminished during the 
subsequent temporary decrease, the increase and decrease being 
the more marked the nearer the point to the heart ; this is shewn 
in observations made by means of Chauveau and Lortet's instru- 
ment or by the plethysmographic method (§ 122). 

§ 124. Time of the entire circuit. It is obvious from the fore- 
going that a red corpuscle in performing the whole circuit, in 
travelling from the left ventricle back to the left ventricle, would 
spend a laige portion of its time in the capillaries, minute arteries, 
and veins. The entire time taken up in the whole circuit has 
been approximately estimated by measuring the time it takes 
for an easily recognized chemical substance, after injection into 
the jugular vein of one side, to appear in the blood of the jugular 
vein of the other side. 

While small quantities of blood are being drawn at frequently 
repeated intervals from the jugular vein of one side, or while the blooii 
from the vein is being allowed to fall in a* minute stream on an absorb* 
ent paper covering some travelling snriiEUK, an iron salt such as potas- 
sium ferrocyanide (or preferably sodium ferrocyanide as being lesa 
injurious) is injected into the jugular vein of the other side. If the 
time of the injection be noted, and the time after the injection into one 
side at which evidence of the presence of the iron salt can be detected 
in the sample of blood from the vein of the other side be noted, this 
gives the time it has taken the salt to perform the circuit ; and on the 
supposition that mere diffusion does not materially affect the result, the 
time which it takes the blood to perform the same circuit is thereby 
given. 

A modification of this method, doing away with the necessity of 
withdrawing blood, is based on the fact that the electrical conductivity 
of the blood may be changed by altering the saline constituents. Two 
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(noD'polanaable) electrodes are placed one on each side of some part of 
a bluod vessel, artery or vein, say Ibo rijjlit jugulur or femoral vein 
(previously laid lure and iiisidated), und are coiiueuted with u Wlmal' 
stone liriilge and galvaDomettir, as in tbo usual way of observing 
cliaiigas in electriuil reBiatanue. If a solution of salt be now injected 
into some other voasel, eay the left jugular, the blood laden with the 
nxtn quantity of salt, when it reaches the seat of the electrodes will 
give rise to a change in the electrical resistance through the blood 
veuel with its contained blood between tbe electrodes, and this will be 
indicated by a movement of the galvanometer. If tbe times of the 
injection, and of the movement of the galvanometer be noted, the 
interval between tlie two will give tbe time it takes the blood cun- 
taining tbe salt to pass from the seat of injection to tbe aeat of the 
electrodes. 

In the horse this time has been experimentally determined at 
about 30 sees, and in the dog at about 15 aecs. In man it 
is probably from 20 to 25 sees. 

We may arrive at a similar result indirectly by means of a 
calculation. Taking the quantity of blood as -^ of the body 
weif^lit, the blood of a man weighing 75 kilos would be about 
5,760 grm. If 180 grms. left the ventricle at each beat, a 
ijuanttty equivalent to the whole blood would pass through the 
heart in 32 beats, i.e. in less than half a minute. 

Taking the rate of flow through the capillaries at about 1 mm. 
a sec., it would take a corpuscle as long a time to get through 
about 20 mm. of capillaries as to perform the whole circuit. 
Hence, if any corpuscle had in its circuit to pass through 10 mm. 
of capillaries, half the whole time of its journey would be spent in 
the narrow channels of the capillaries. Inasmuch as the purposes 
served by the blood are chiefly carried out in the capillaries, it is 
obviously of advantage that its stay in them should be prolonged. 
Since, however, the average length of a capillary is about '5 mm., 
about half a second is spent in the capillaries of the tissues and 
another half second in the capillaries of the lungs. 

§ 129. We may now briefly summarise the broad features of 
the circulation, which we have seen may he explained on purely 
physical principles, it being assumed that the ventricle delivers 
a certain quantity of blood with a certain force into the aorta 
at regular intervals, and that the physical properties of the Mood 
vessels remain the same. 

We have seen that, owing to the peripheral resistance offered 
by the capillaries and small vessels, the dirrct effect of the 
ventricular stroke is to establish in the arteries a mean arterial 
pressure, which is greatest at the root of the aorta and diminishes 
towards the small arteries , some of it being used up to Ante the 
blood from the aortA to the small arteries, but which retains at 
the region of the small arteries sufficient power to drive through the 
small arteries, capillaries and veins just as much blood as is being 
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thrown into the aorta by the ventricular stroke. We have seen 
further that in the large arteries at each stroke the pressure 
rises and falls a little above and below the mean, thus constituting 
the pulse, but that this extra distension with its subsequent recoil 
diminishes along the arterial tract and finally vanishes ; it dimin- 
ishes and vanishes because it, too, like the whole force of the 
ventricular stroke, of a fraction of which it is the expression, is used 
up in establishing the mean pressure ; we shall, however, consider 
again later on the special features of this pulse. We have seen 
further that the task of driving the blood through the peripheral 
resistance of the small arteries and capillaries consumes much of 
this mean pressure, which consequently is much less in the small 
veins than in the corresponding small arteries, but that sufficient 
remains to drive the blood, even without the help of the auxiliary 
agents which are generally in action, from the small veins right 
back to the auricle. Lastly, we have seen that while the above 
is the cause of the flow from ventricle to auricle, the changing 
rate of the flow, the diminishing swiftness in the arteries, the 
sluggish crawl through the capillaries, the increasing quickness 
through the veins are determined by the changing width of the 
vascular *bed.* 

Before we proceed to consider any further details as to the 
phenomena of the flow through the vessels, we must turn aside to 
study the heart 
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§ 126. Tbe heart is a valvular pump wbich works on me- 
clianical principles, but the motive power of which is supplied 
hy the contractioa of its muacular fibres. Its action consequently 
presents problems which are partly mechanical, aud partly vital. 
Itegardod as a pump, its effects are determined by the frequency of 
the beats, by the force of each beat, by the character of each beat, 
— whether, for instance, slow and lingering, or sudden and sharp, — 
and by the quantity of fluid ejected at each beat. Hence, with a 
given frequency, force, and character of beat, and a given quantity 
ejected at each beat, the problems which have to be dealt with are 
for the moat [wrt mechanical The vital problems are chiefly con- 
nected with the causes which determine the frequency, force, and 
character of the beat The quantity ejected at each beat is 
governed not only by the action of the heart itself, but also and 
indeed more so by what is going on in the rest of the body- 



The PheTumuiut of the Normal Seat. 

The visible movements. When the chest of a mammal is 
opened, and artificial respiration kept up, the heart may bo 
watched beating. Owing to the removal of the chest-wall, what 
is seen is not absolutely identical with what takes place within 
the intact chest, but the main events are the same in both cases. 
A complete beat of the whole heart, or cardiac cycle, may be 
observed to take place as follows. 

The great veins, inferior nnd RU|ierior vena? cavie and pulmonary 
veins, are seen, while full of blood, to contract in the neightmurhood 
of the heart : the contraction runs in a peristaltic wave towards 
the auricles, increasing in intensity as it goes. Arrived at the 
auricles, which are then full of blood, the wave suddenly spreads, 
at a rate too rapid W be fairly judged by the eye, over the whole 
of those organs, which accordingly contract with a sudden sharp 
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systole. Id the systole, the walls of the auricles press towards the 
auriculo-ventricular orifices, and the auricular appendages are 
drawn inwards, becoming smaller and paler- During the auricular 
systole, the ventricles may be seen to become turgid. Then 
follows, as it were immediately, the ventricular systole, during 
which the ventricles become more conical. Held between the 
fingers they are felt to become t«nse and bard As the systole 
progresses, the aorta and pulmonary arteries expand and elongate, 
the apex is tilted slightly upwards, and the heart twists somewhat 
on its long axis, moving from tbe left and behind towards the 
front and right, so that more of the left ventricle becomes dis- 
played, Aa tbe systole gives way to the succeeding diastole, the 
ventricles resume their previous form and position, tbe aorta and 
pulmonary artery shrink and shorten, the heart turns back 
towards the left, and thus the cycle is completed. 

In the normal beat, the two ventricles are perfectly synchronous 
in action ; they contract at the same time and relax at the same 
time, and the two auricles are similarly synchronous in action- 
It has been maintained, however, that the synchronism may at 
times not be perfect. 

Before we attempt to study in detail the several parts of this 
complicated series of events, it will be convenient to take a rapid 
survey of what is taking place within the heart during such a cycle. 

§ 127. TJie cardiac cycle. We may take as the end of the 
cycle the moment at which the ventricles having emptied their 
contents have relaxed and returned to the diastolic or resting 
position and form. At this moment the blood is flowing freely 
with a fair rapidity, but, as we have seen, at a very low pressure, 
through the venw cavie into the right auricle (we may confine 
ourselves at first to the right side), and since there is now nothing 
to keep the tricuspid valve shut, some of this blood probably finds 
its way into the ventricle also. This goes on for some little time, 
and then comes the sharp, short systole of the auricle, which, 
since it begins, as we have seen, as a wave of contraction running 
forwards along the ends of the venie cavEe, drives the blood not back- 
wards into the veins, but forwards into the ventricle ; this result 
is further secured by the fact that the systole has behind it on the 
venous side the pressure of the blood in the veins, increasing as 
we have seen backwards towards the capillaries, and before it the 
relatively empty cavity of the ventricle in which tbe pressure 
is at first very low. By the complete contraction of the auricular 
walls the complete or nearly complete emptying of the cavity 
is ensured. No valves are present in the mouth of the superior 
vena cava, for they are not needed ; and the imperfect Eustachian 
valve at the mouth of the inferior vena cava cannot be of auy 
great use in the adult, though in its more developed state in 
the foetus it had an important function in directing the blood of 
the inferior vena cava through the foramen ovale into the left 
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auricle. The valves in the coronary vein are, however, probably 
of some use in preventing a reflux into that vessel 

As the blood is being driven by the nuriculat systole into the 
ventricle, a reflex current is probably set up, by which the blood, 
passing along the sides of the ventricle, gets between them and 
the flaps of the tricuspid valve and so tends to float these up. 
It is further probable that the same reflux current, continuiiig 
somewhat later than the flow into the ventricle, is suflicient 
to briug the flaps into apposition, without any regurgitstioa into 
the auricle, at the close of the auricular systole, before the ventri- 
cular systole has began. 

The auricular systole is, as we have said, immediately followed 
by that of the ventricle. Whether the contraction of the ven- 
tricular walls (whieh as we shall see is a simple though prolonged 
contraction and not a tetanus) begins at one point, and swiftly 
travels over the rest of the flbres, or begins all over the ventricle 
at oitce, is a question not at present deflnitcly settled ; but in any 
case the walls exert on the contents a pressure which is soon 
brought to bear on the whole contents and very rapidly rises to a 
maximum. The efl'ect of this increasing intra-ventricular pressure 
upon the valve is undoubtedly to render the valve more firmly 
and securely closed ; but the exact behaviour of the valve in 
thus firmly closing is a matter on which observers are not agreed. 
From the disposition of the flaps of the valve, and their relations 
to the papillary muscles, the chorda; t«ndineie of a papillary 
muscle being attached to the edges of and spreading over the 
surfaces of two adjacent flaps, we may infer that when the 
papillary muscles contract, taking their share in the whole ventri- 
cular systole, they on the one hand bring at least the edges, it not 
part of the surfaces of adjacent flaps, into opposition, and, on the 
other hand, tend to pull down the whole of the valve, more or less 
in the form of a narrow funnel, into the cavity of the ventricle. If 
we assume, as some observers do, that the papillary muscles begin 
their contraction at the same time as the rest of the ventricular 
wall, we may conclude that the valve is in this manner firmly 
closed by their action at the very beginning of the systole. Other 
observers find that a tracing, obtained by attaching a hook to the 
apex of one of the flaps of the valve, and connecting it with a 
thread passing through the auriculo-ventricular orifice, and the 
auricle to a lever, indicates that the apex of the flap does not 
begin to move downwards until some appreciable time after tlie 
beginning of the systole. This they interpret as meaning that the 
papillary muscles do not begin to contract until some time after 
the ventricular wall has begun its contraction ; (and the tracing 
in question similarly indicates that the papillary muscle ceases its 
contraction before the ventricular wall does). If we assume thia 
interpretation of the tmcing to be correct, we must conclude that, 
at the first, the pressure exerted by the commencing systole would 
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tend, while bringing the edges of the Haps together, to bulge the 
whole valve upwards towards the auricle, but that, later, wlien the 
papillary muscles contract, these pull the valve in a funnel sba]>e 
down into the ventricle with the edges of the Haps in complete 
apposition. On the one view, the papillary muscles serve uieri^ly tu 
secure the adequate closure of the valve ; on the other view, they 
add to the pressure exerted by the ventricular wall, by pulling 
the already closed valve down on the ventricular contents, or, 
according to an old opinion, obviate, by their shortening, the 
slackening of the chordie wiiich might result from the shortening 
of ventricle during the systole. Whichever view be taken, it may 
be worth while to remark that the borders of the vnlves are 
excessively thin, so that when the valve is closed, these thin 
portions are pressed flat Uigether back to back ; hence, while the 
tougher central parts of the valves bear the force of the ventricnlur 
systole, the opposed thin, membranous edges, pressed together by 
the blood, more completely secure the closure of the orifice. 

At the commencement of the ventricular systole, the semilunar 
valves of thu pulmonary arterj- artj closed, and are kept closed by 
the high pressure of the blood in the artery. As, however, the 
ventricle continues to press with greater and greater force on its 
contents, making the ventricle hard and tense to the touch, the 
pressure within the ventricle becomes at length greater than that 
in the pulmonary artery, and this greater pressure forces open the 
semilunar valves, and allows the escape of the contents into the 
arterj'. The ventricular systole may be seen and felt in the 
exposed heart to be of some duration ; it is strong enough and lung 
enough to empty the ventricle more or less completely, — indeed, in 
some cases, it may last longer than the discharge of blood, so that 
there is then a brief period during which the ventricle is empty 
but yet contracted. 

During the ventricular systole the semilunar valves are pressed 
outwards towards but not close to the arterial walls, retlux currents 
probably keeping them in an intermediate position, so that their 
orifice forms an equilateral triangle with curved sides ; they 
offer little obstacle to the escape of blood from the cavity of the 
ventricle. The exact mode and time of closure of the semilunar 
valves is a matter which has been and, indeed, is still disputed, 
and which we shall have to discuss in some detail later on. 
Meanwhile it will be suHicient to say, after the blood has ceased 
to flow from the ventricle into the aorta, whether this be due to 
the cessation of the ventricular systole, or to the whole of the 
ventricular contents having been already discharged, a reflux of 
blood in the aorta towardfi the ventricle at once completely fills 
and renders tense the pockets, causing their free margins to come 
into close and firm contact, and thus entirely blocks the way. 
The corpora Arantii meet in the centre, and the thin, membranous 
festoons or lunulie are brought into exact apposition. Am in thd 
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tricuspid valves, so here, while the pressure of the blood is borne 
by the tougher bodies of the sevi^ml vHlves, each two thiu, adjacent 
lunula, pressed together by the blood actiiig od both sides of 
them, are kept in complete contact, without any strain being 
put upon them ; iu this way the orifice is closed in a most efficient 
manner. 

As the ventricular systole passes off. the muscular walls relax- 
ing, the ventricle returns to its previous form and position, and 
the cycle is once more ended. 

What thus takes place in the right side takes place in the left 
side also. There is the same sudden, sharp, auricular systole 
beginning at the roots of the pulmonary vuius, the same systole of 
the ventricle, but, as we shall see, one much more powerful and 
exerting much more force; the mitral valve with its two tiaps 
acts in the main like the tricuspid valve, and the action of the 
semilunar valves of the aorta simply repeats that of the valves of 
the pulmonary artery. 

We may now proceed to study some of the cardiac events in 
detnil. 

§ 128. TTu change, of form. The exact determination of the 
changes in form and position of the heart, especially of the ven- 
tricles, during a cardiac cycle is attended with difficulties. 

The ventricles, for instance, are continually changing their form; 
they change while their cavities are being filled from the auricles, 
they change while the contraction of their walls is getting up 
the pressure on their contents, they change while under the 
influence of that pressure their contents are being discharged into 
the arteries, and they change when, iheir cavities having been 
emptied, their muscular walls relax. 

With regard to changes in external form, there seems no doubt 
that the side-to-side diameter is much lessened during the systole. 
There is also evidence that the front-to-back diameter is greater 
during the systole than during the diastole, the increase taking 
place during the first part of the systole. If a light lever 
be placed so as to press very gently on the surface of the heart of 
a mammal, the chest having been opened and artificial respiration 
being kept up, some such curve as that represented in Fig. 37 
may be obtained. The rise of the lever in describing such a curve 
is due to the elevation of the part of the front surface of the heart 
on which the lever is resting Such an elevation might be caused, 
especially if the lever were plat-ed near the apex, by the heart 
being " tilted " upwards during the systole, but only a small 
portion at moat "f the rise can be attributed to this cause ; the 
rise is perha]>8 l>est seen when the lever is placed in the middle 
portion of the ventricle, and must be chiefly due to an increase in 
the froDt-to-back diameter of the ventricle during the beat We 
shall discuss this curve later on in connection with other curves, 
and may here simply say that the part of the curve from f to d 
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^^H probably corresponds to the actual systole of the veatricle, that is, 

^^1 to the time during which the libres of the ventricle are uoder- 

^^H going contraction, the sudden fall from d onwards representing 

^^H the relaxation which fonus the Urst part of the diastole. If this 
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interpretation of the curve be correct, it is obvious that the 
front-to-back diameter is greater during the whole of the systole 
than it is during diastole, since the lever is raised up all this time. 
It may, however, be argued that the heart thus exposed is subject 
to abnormal conditions and is, in diastole, somewhat flattened by 
the weight of its contents, that this flattening is increased by even 
alight pressure, and that therefore the above conclusion is not 

' The vertical or mther curved lines (tegmenta of cireleB) introdncGil iota this 
and manv oilier curvea are of use for the parpose of meaauriDg iiarts of the corre. 
A com|)lete enrvB dhould exhibit an ■nbw.-nsa ' line, 'I'hi« niaj' le drawn by 
■llowinK the lever, arranged fur the cxpcrinienC hut remaining at rest, to mark witli 
its poiut on the recording Burfate net in motion : a utraiftht line, the DbKiua line, 
is thne descrilied, and inftv be drawn before or after the curve itself is made, 
and may l>c placed above or, preferably, below the curve. When a tuuingYurh 
fir other time marker is nned. the line of the time marker or a line drawp ihroDgh 
the curves of the tuning-fork will serve as an alHcissa line. After a tracing has 
been made, the recording surface should I* brought back to mich a [xMilion that 
the point of the lever colnciiies with some point of the curve which it is desiml to 
m»rt ; if the lever be then gentlv moved up and down, the point o( the lover 
will describe a sepnent of a circle (the cpntm of which lies at the axis ol the 
levpr), which segment should be made l..ng enough to cut loth the cun-e and 
the ahsclssa line (the tuning-fork curvea or other time-marking line) where this U 
drawn. By moving the recording surface backwards and forwards, wniilar a^g- 
inents of circlei) mav be drawn throngh other points of the curve. The linea 
n, '.. r in Fin 37 were' thus drawn. The distance Wtweon any two of these pomU 
mav thns be measured on thn tmiing-fotfc cnrre or other time curve, or on the abK'isaa 
line. Similar lines may be dmwn on the tracing after ita removal from the recording 
instrument in the following wav. Take a pair of compares, the two p<rints of which 
an-flxert just as far apart B* the length or the lever used in tlieexpetiment. measar«l 
from its axis to its writing point. Bv means of the compasses find the poeitioD on 
the tracing of the centre of the circle of which any one of the prtvionalv drawn 
ciirve<l llnps forms a segment. Throogh this centre draw a line parallel to the 
ahsrisss. Bv keeping one point of the compws on this lino but moving it along 
the line backwatiis nr forwanls, a segment of n circle may be drawn so b« to cut 
nnv point of the curve that mav he desired, and also the abscissa line or th« 
time line, Snch a segment of a circle m.\v he used for the same ptupoaea «a 
the original one and any nunilier of such segments maybe drawn. 
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valid. And, indeed, it is maintained by some that the front-to- 
back diameter dries actually diminish during systuli;. 

But it is at least clear tlmt the front- to-back diameter, even if 
it does not incrt'ase, diminishes far lesa than does the side-to-aide 
diameter; and hence during the systole there is a change iu the 
form of the section of the base of the ventricles. During the 
diastole this has somewhat the form of an ellipse with the long 
axis from side to side, but with the front part of the ellipse much 
more convex than the buck, since the back surface of the ventricles 
is somewhat Hattened. During the systole this ellipse ia converted 
into a figure much moru nearly resembhng a circle. It is urged, 
moreover, that the whole of the base ia constricted, and that the 
greater efficiency of the a uriculo- ventricular valves is thereby 
secured. 

As to the behaviour of the long diameter from base to apex, 
observers are not agreed ; some maintain that it is shortened, and 
others that it is practically unchanged, And, in any case, a change 
in this diameter plays little or no part in the expulsion of the 
contents of the ventricle ; this expulsion is effected by the contrac- 
tion of the more transversely disposed fibres, whereby the cavity is 
reduced to an elongated slit Moreover, if any shortening does take 
place it must be compensated by the elongation of the great vessels, 
which, as stated above, may be seen in an inspection of the beating 
heart. For there is evidence that the apex, though, as we have 
seen, it is somewhat twisted round during the systole, and at the 
same time brought closer to the chest-wall, does not change its 
position up or down. i.e. in the long axis of the body. If in a 
rabbit or dog a needle be thrust through the chest-wall so that its 
point plunges into the apex of the heart, though the needle 
([uivers, its head moves neither up nor down, as it would do if its 
point in the apex moved down or up. 

During systole, broadly speaking, the ventricles undergo a 
diminution of total volume, equal to the volume of contents 
discharged into the great vesscds (tor the walls themselves like all 
muscular structures retain their volume during contraction save 
for changes which may take place in the quantity of blood 
contained in their blood vessels, or of lymph in the intermuscular 
spaces), while they undergo a change of form which may be 
described as that from a roughly hemispherical figure with an 
irregularly elliptical section to a more regular cone with a more 
nearly circular base. 

§ 129. Cardiac Tmptiht. If the hand be placed on the chest, • 
a shock or impulse will be felt at each beat, and on examination 
this impulse, ' cardiac impulse,' will be found to be synchronous 
with the systole of the ventricle. In man, the cardiac impulse may 
be most distinctly felt in the fifth costal interspace, about an inch 
below and a little to the median side of the left nipple. In an 
animal the same impulse may also be felt in another way, viz. 
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by making an incision through tlie diaphragm from the abdo- 
men, and placing the finger between the cheat-wall and the 
apex. It then can be distinctly recognized as the result of the 
hardening of the ventricle during the systole. And the impulse 
which is felt on the outside of the chest is chiefly the effect of 
the same hardening of the stationary portion of the ventricle 
in contact with the chest-wall, transmitted through the chest- 
wall to the finger. In its flaccid state, during diastole, the 
apex is (in a standing position at least) at this point iu contact 
with the chest-wall, lying, somewhat flattened, between it and the 
tolerably resistant diaphragm. During the systole, while being 
brought even closer to the chest-wall, by the tilting of the ventricle 
and by the movement to the front and to the right of which we 
have already spoken, it suddenly grows tense and hard, and becomes 
rounder. The ventricles,in executing their systole, have to contract 
against resistance. They have to produce within their cavities, 
pressures greater than those in the aorta and pulmonary arteries, 
respectively. This is, in fact, the object of the systole. Hence, 
during the swift systole, the ventricular portion of the heart 
becomes suddenly tense, somewhat in the same way as a bladder 
full of fluid would become tense and hard when forcibly squeezed. 
The sudden pressure exerted by the ventricle thus rendered sud- 
denly tense and hard, aided by the closer contact of the apex with 
the chest-wall (which,however, by itself, without the hardening of 
contraction, would lie insufficient to produce the effect), gives an 
impulse or shock both to the chest-wall and to the diaphragm. If 
the modification of the sphygmograph (an instrument of which we 
shall speak later on, in dealing with the pulse), called the cardio- 
graph, be placed on the spot where the impulse is felt most 
strongly, the lever is seen to be raised during the systole of the 
ventricles, and to fall again as the systole passes away, very much 
as if it were placed on the heart directly. A tracing may thus be 
obtained, see Fig. 47, of which we shall have to speak more fully 
later on, see § 133. If the button of the lever be placed, 
not on the exact spot of the impulse, but at a little distance 
from it, the lever will be depressed during the systole. While 
at the spot of impulse itself the contact of the ventricle is 
increased during systole, away from the spot the ventricle (owing 
to its change of form and subsequently to its diminution in 
volume) retires from the chest-wall, and hence, by the mediastinal 
attachments of the pericardium, draws the chest-wall after it. 

§ 130. The Sounds of the Heart. When the ear is applied to 
the chest, either directly or by means of a stethoscope, two sounds 
are heard, — the first a comparatively long, dull, booming sound, 
the second a short, sharp, sudden one. Between the first and 
second sounds the interval of time i.s very short, too short to be 
easily measured, but between the second and the succeeding first 
sound there is a distinct pause. The sounds have been likened 
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to the proQunciation of the syllnbles iQbb diip, so that the cardiac 
cycle. 03 far as the sounds are concerned, might be represented 
by: — labb, dap, pause. 

The second sound, which is short and sharp, presents no diffi- 
culties. It is coincident in point of time with the closure of the 
semilunar valves, and is heard tti the best advantage over the 
seciiud right costal cartilage, close to its junction with the sternum, 
t. e. at the point where the aortic arch comes nearest to the surface, 
and Ui which sounds generated at the aortic orifice would be best 
conducted. Its characters are such as would belong to a sound 
generated by membranes like the semilunar valves being suddenly 
made tense, and so thrown into vibrations. It is obscured and 
altered, or replaced by ' a murmur,' when the semilunar valves 
are affected by disease, and may be artificially obliterated, a 
murmur taking its place, by passing a wire down the arteries, and 
hooking up the aortic valves. There can be no doubt, in (act, 
that the second sound is due to the semilunar valves being thrown 
into vibrations at their sudden closure. The sound beard at the 
second right costal cartilage is chiefly that generated by the aortic 
valves, and murmurs or other alterations in the sound caused by 
changes in the aortic valves are heard most dearly at this spot. 
But even here the sound is not exclusively of aortic origin, for 
in certain cases, in which the semilunar valves on the two sides 
of the heart are not wholly synchronous in action, the sound 
heard here is double ("reduplicated second sound"), one being 
due to the aorta, and one to the pulmonary artery. When the 
Bound is listened to on the left side of the steruum at the same 
level, the pulmonary artery is supposed to have the chief share in 
producing what is heard, and changes in the sound heard more 
clearly here than on the right side are taken as indications of 
mischief in the pulmonary valves. 

The first sound, longer, duller, and of a more ' booming ' 
character than the second, heard with greatest distinctness at the 
spot where the cardiac impulse is felt, presents many difficulties 
in the way of a complete explanation. It is heard distinctly when 
the chest-walls are removed. The cardiac impulse, therefore, can 
have little or nothing to do with it. In point of time, it is 
coincident with the systole of the ventricles, and may be heard to 
the greatest advantage at the spot of the cardiac impulse ; that is 
to say, at the place where the ventricles come nearest to the 
surface, and to which sounds generated in the ventricles would be 
best conducted. 

It is more closely coincident with the closure and consequent 
vibrations of the auriculo- ventricular valves than with the entire 
systole; for on the one hand it dies away before the second 
sound begins, whereas, as we shall see, the actual systole lasts 
at least up to the closure of the semilunar valves, and on 
the other bRod the aoriculo-ventricular valves cease to be tease 
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and to vibrate so soon as the contents of the ventricle are driven 
out This suggests that the sound is caused by the sudden 
tension of the auriculo-ventricular valves, and this view is sup- 
ported by the facts that the sound is obscured, altered or 
replaced by murmurs when the tricuspid or mitral valves are 
diseased, and that the sound is also altered or, according to 
some observers, wholly done away with when blood is prevented 
from entering the ventricles by ligature of the venae cavae. On 
the other hand, the sound has not that sharp character which 
one would expect in a sound generated by the vibration of 
membranes such as the valves in question, but in its booming 
qualities rather suggests a muscular sound. Further, according 
to some observers, the sound, though somewhat modified, may 
still be heard when the large veins are clamped so that no blood 
enters the ventricle, and, indeed, may be recognized in the few 
beats given by a mammalian ventricle rapidly cut out of the 
living body by an incision carried below the auriculo-ventricular 
ring. Hence the view has been adopted that this first sound 
is a muscular sound. In discussing the muscular sound of skeletal 
muscle (see § 80), we saw reasons to distrust the view that this 
sound is generated by the repeated, individual, simple contrac- 
tions which make up the tetanus, and hence corresponds in tone 
to the number of those simple contractions repeated in a second, 
and to adopt the view that the sound is really due to a repetition 
of unequal tensions occurring in a muscle during the contraction. 
Now, the ventricular systole is undoubtedly a simple contraction, a 
prolonged simple contraction, not a tetanus, and, therefore, under 
the old view of the nature of a muscular sound, could not produce 
such a sound ; but accepting the other view, and reflecting how 
complex must be the course of the systolic wave of contraction 
over the twisted fibres of the ventricle, we shall not find great 
diflBculty in supposing that that wave is capable in its progress of 
producing such repetitions of unequal tensions as might give rise 
to a * muscular sound,' and, consequently, in regarding the first 
sound as mainly so caused. Accepting such a view of the origin of 
the sound we should expect to find the tension of the muscular 
fibres, and so the nature of sound, dependent on the quantity of 
fluid present in the ventricular cavities and hence modified by liga- 
ture of the great veins, and still more by the total removal of the 
auricles with the auriculo-ventricular valves. We may add that 
we should expect to find it modified by the escape of blood from 
the ventricles into the arteries during the systole itself, and might 
regard this as explaining why it dies away before the ventricle has 
ceased to contract 

Moreover, seeing that the auriculo-ventricular valves must be 
thrown into sudden tension at the onset of the ventricular systole, 
which, as we have seen, is developed with considerable rapidity, 
not far removed at all events from the rapidity with which the 
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seniiluiiiir valves aro closed, a rapidity, therefore, capable of giving 
rise to vibrations of the valves adequate to produce n soudJ, it is 
difficult to escape the conclusion that the closure of these valves 
must also geiiertite a sound, which in a normally beating heart is 
miugled with the sound of muscular origin. 

If we accept this view that the sound is of double origin, 
partly ' muscular," partly ' valvular,* both causes being dependent 
on the tension of the ventricular cavities, we can perhaps more 
easily understand bow it is that the normal first sound is at times 
so largely, indeed, we may say so completely altered and obscured 
in diseases of the auriculo- ventricular valves, and how it may also 
be modified in character by changes, such as hypertrophy, of the 
muscular walls. 

Since the left ventricle forms the entire left apex of the 
heart, the murmurs or other changes of the first sound heard most 
distinctly at the spot of cardiac impulse belong to the mitral valve 
of the left ventricle. Murmurs generated in tlie tricuspid valve 
of the right ventricle are heard more distinctly in the median line 
below the end of the sternum. 

§ 131. Endocardiac Pressure. Since it is the pressure exerted 
upon the contents of the ventricle by the contraction of the 
ventricular walls which drives the blood from the heart into the 
aorta, and so maintains the circulation, the study of this pressure, 
endocardiac pressure, is of great importance. The mercurial 
manometer, so useful in a general way in the study of arterial 
pressure, is unsuited for the study of endocardiac pressure, since 
the great inertia of the mercury prevents the instrument respond- 
ing properly to the exceedingly rapid changes of pressure which 
take place in the heart. We are obliged to have recourse to other 
instruments. 

One methmi, having been used by Chauveau and Marey in 
researches which have become 'classic,' deserves to be noticed, 
though it is not now employed. It consists in introducing, in a 
large animal, such as a horse, tlirough a blood vessel into a cavity 
of the heart, a tube ending in an elastic bag. Fig. 38 A, both tube 
and bag being filled witli air, and the tube being connected with 
a recording ' tambour.* 

A tube of appropriate curvature, A. b. Fig. 38, is furnished at ita 
end with un elastic b^ nr ' arapulk ' a. When it is deairej to explore 
simultaueously both auricle and ventrivle, the sound is furnished with 
two nrnpuUce, with two flmall, elastic baj^ one at the eitremo end uiid 
the other at such a distance that when the former is within the cavity 
of the ventricle the latter ia within the cavity of the auricle. Sucli an 
instrument is spoken of as a ' cardiac sound,' Each ' ampulla ' com- 
municatee by a »eparate, air-tight tnbe with an air-tight tambour 
(Fig. 38 B) on which a lever rests, so that any pressurQ on the ampoUa 
is communicated to the cavity of its respective tambour, the lever of 
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wliich ia raieed in proportiou. Wbeu two ampuUae ara used, 1 
writing poiuts of both Jnvers are brought to bear on the same r»- | 
cording surface exactly underneath each otber. The tube is carefully I 
introduced through the right jugular vein into the right side of the 
heart until the lower (ventricular) ampulla is fairly iu the cavity at ' 
the right ventricle, and, consequently, the upper (auricular) ampulla 
in the cavity of the right auricle. Changes of pressure on either ' 
ampulla, then, cause movements of the corresponding lever. When the 
pressure, fur instance, on the ampulla in tiie auricle is increased, the 
auricular lever is raised and describes on the recording surface aii 
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A. A simplo cardiac wnnd sncb aa maj- be naed (or BKnloration of t 
utricle. The )iortion n of the ampulla at the end U of thJD iiidin rubber, sti 
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B. Tiic Tambonr. The metal chamber « i» covered in an air-tight ma 

with the iudiaruhliprc, bearing a thiu. metal plate n', to which UDttarhed the levee C 
rooviug on the hinge h. The whole tambonr can ba placed by means of the c]un|» 
fl at any height on the npright »'. The iudia mbber tube I serves to coiui«cl "'— 
interior of the tambonr oilhet with the cavity ot the ampulla of A or with any < 
cavity. Supposing that the tube I were connected with 6, any prensnre exerted on 
a would cauxe the roof of the tambour to rise and the pdnt ot the lever woold t - 
proportionately raised. 

ascending curve; when the pressure is taken off, the curve descend^ 
— and 90 also with the ventricle. 

The ' sound ' may in a similar manner be introduced tfaroogfa tlw< 
carotid artery into the left ventricle, being slipped past the aottifi 
valves, and thus the changes taking place in that uhambcr also may ba 
explored. 



Chap. iv.J THE VASCULAR MECHANISM. 




When this mslruinent ia applied to the right auricle and 
vectricle some such record is obtained as that shewn in Fig. T" 
where tlie upper curve is a tracing taken from the right auricle, 
and the lower curve from the right ventricle of the horse, 
botli curves being taken simultaneously on the same recording 
surface. In these curves the rise uf the lever indicates pressure 
exerted upon the corresponding ampulla, aud the upper curve, 
from the right auricle, shews the sudden, brief pressure b exerted 
by the sudden and brief auricular systole. The lower curve, from 
the right ventricle, shews that the pressure exerted by the ventric- 
ular systole begins almost immediately after the auricular systole, 
increases very rapidly indeed, so that the lever rises in almost a 
straight line up to e', is continued for 
some considerable time, and then falls 
very rapidly to reach the base line. 
The figure, it must be understood, does 
not, by itself, give any information as 
to the relative amounts of pressure 
exerted by the auricle and ventricle 
respectively ; indeed, the movements of 
the auricular lever are much too great 
compared with those of the ventricular 
lever. The figure is chiefly useful for 
giving a graphic general view of the 
series of events within the cardiac cavi- 
ties during a cardiac cycle, the short 
auricular pressure, the long-continued 
ventricular pressure, lasting nearly half ' 
the whole period, and the subsequent 
pause when both parts are at rest or in 
diastole. 

Among the more trustworthy methods of recording the 
changes of undocardiac pressure, we may first mention that of 
Boy and Rolleston. 

Ity means of u abort cannula introduced through a large vessel, oi 
directly, as a trocar, through tbo walls of the ventricle (or auricle), the 
blooil in the cavity is brought to bear on an easily moving piston. 
The movemonta of tbe piston ar« recorded by a lever, and the evils 
of inertia are met fay making the piston anil lever work against tbe 
toraion of a steel ribbon, the length of which, and consequently the 
reaiatance offercil by which, aud houce the excursions of the piston, 
can be varied at pleasure. 




We give as examples of curves obtained by this method 
two curves from the left ventricle, one (Fig. 40 A) of a 
rapidly beating, and the other (Fig. 40 B) of a slowly beating 
heart. 
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Fio. 40. CuBvss OF Endooardiao Prsssube. From Left Ventricle of Doa. 

(Roy and RolleBton.) 

A. a quickly beating, B. a more slowly beating heart. 

An instrument which has been much used of late, and the use 
of which has given very valuable results is the " membrane-mano- 
meter '* of Hurthle. 




Fio. 41. The Membrane-manometer of HurthleJ 



1 For this figure I am indebted to Mr. Albrecht, the University InBtmmeiift' 
maker at Tubingen. 
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r tambour 




I aliort upright 



This consists essentially of a very small metal dnim i 
<Fig. 13 a) somewhat like that of Uaroy, but 
bemiBphcrical oiid not more tban 13 mm. in 
diam«t«r. In Fig. 41 the instrument, witli its 
btilOer, IB seen from ubuve. The second lever, 
wliiuh is motionless, is for the purpose of de- 
auribin^; the Iwse line. The screw-tap on the 
tub» leading, in the tigure, up to the tambour, 
is for the purpose of diminishing the calibre 
of the tube, and so of "damping" the instru- 
roent. On the right of the tambour in the 
figure are seen the arrangements for adjusting 
the levers. In Kig. 42 the tube b by which 
the catheter is connected with the tambour, 
is, for convenience of iliustration, shown as Fio.4' 
<lirected parallel to the lever, iiisteiwl of, as 
in the instrumeut itself, nt right angles to it. 
The roof of the tambour id supplied by a care- 
fully chosen, delicate, elastic membrane e, which 
bears at ita centre a thin metal disc d, connected by i 
« with a lever/. Below, the tambour ends in a tube b. 

A catheter, open at the end or with a lateral ' eye,' and filled with a 
solution of magnesium sulphate or with some fluid tending to check 
the clotting of blood, is introduced into the cavity of the heart which 
it is desired to explore. It may bo introduced by the jugular vein into 
the right auricle, and past the auricle into the right ventricle, or through 
the carotid artery into the aorta, and so, between the semilunar valves, 
or through one of the flnps (the iwrforation seems to introduce uo error) 
into the cavity of the left ventricle; or the end of the catheter may be 
left in the aorta above the semilunar valves when it is desired to 
investigate the pressure at the root of the aorta. The cavity of the 
tambour also is filled, not with ait, as in Marey's tambour, but with the 
same fluid as ia the i-atheter, or with water; and the tube of the tambour 
is cannecte<l with the catheter. 

Variations of |>ressure within the cavity of the heart are transmitted 
throngh tlie fluid of the catheter to the fluid in the tambour, and thus put 
into movement the elastic roof of the tambour ; the movements of tin; 
elastic roof are, in turn, transmitted to the lever, which reconis, in tht> 
usual manner, on some recording surface. For measiirinj^ the amount 
of the changes of pressure, the instrument must be graduated experi- 
mentally. There ore many details in the instrument which need not be 
dsBcribed here ; but wa may etato that the instrument may be ' dampeil,' 
rendered less sensitive, and thus the features of the curves due to 
inertia lessened, by narrowing, through a scT«w-tap, the communication 
between the ottheter and the cavity of the tambour. 

The membrane of the tambour may, by means of an ivory button, 
be brought to bear on one end of a slip of steel, plare'l horizontally 
and fast«ned at the other end, so as to act as a spring. Thn inslrumont 
thsn becomes a " spring-manometer." The small movementJi of the 
spring caused by the movements of the membrane of the tambour are 
magnified by a recording lever. 
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Fig. 43 gives i 



.M231L. 



F(G. 43. CCHVE C 

IN THE Left Vi 
TiiE lloG. Uiim 



; of endocardiac pressure of ibe left 
ventricle of the dog obtained by this 
method. The recording surface is 
travelling quickly, and the movements 
of thB lever are not great 

The manometer of Gad differs 
from that of Hurthle in the membrane 
being replaced by a thin, elastic disc 
of metal. 

In the instrument of Frey and 
Krehl, which is a modification of one by Fick, the transmission 
is efiected partly by fluid and partly by an air tambour, the 
button of which presses against a horizontal steel spring. 

A catiieter, filled with fluid to prevent clotting and introduced into 
a cavity of the heart, is connected witb a glass cylinder, maintained 
carefully in a vertical position, tbe lower half of which is tilled with 
the same fluid as is the catheter. The upper half of the eyUuder, con- 
taining air ouly, ia connected by a very narrow, in fact a capillary tube, 
with a amiill tambour. Tbe changea of pressure within the heart are 
transmitted thtout;h the fluid of tlto catheter to the air in the cylinder, 
and so to the air in tbe taiubuur, tlie membrane of which moves 
accordingly in and out. A buttou on the niembrane presses on a hori- 
zontal steel spring, and the small movements of the membrane thus 
transmitted to the spriug are recorded by means of a magnifying 

Other instruments have been employed by other observera. 

When we examine the curves which we have given (Figs. 39, 
40,43), obtained by three several methods, we find that they agree 
in the following main features. The curve of pressure in the 
ventricle, whether right or left, rises at the very beginning of the 
systole with very great rapidity, very soon reaches its maximum or 
nearly its ma.ximum, maintains nearly the same height for some 
time, and then very rapidly descends to the base line (which in 
these figures indicates the pressure of the atmosphere) or even 
falls, for a brief s[Mice, slightly below it, and remains at or near the 
base line, until, at the next beat, it repeats the same changes. 
This means that the contraction of the ventricular walls in the 
systole acts in such a manner as very suddenly to raise up to a 
certain height the pressure within the ventricle, which during the 
diastole was at, or not far removed from that of the atmosphere, 
that the pressure is maintained without any very great change for 
a considerable time, and that it then falls back to its original level 
with great suddenness, almost, if not quite, as suddenly as it was 
raised. These are the important features of the pressure within 
the ventricle ; in these features all the three curves agree. We 
may add that the same features are shewn also in curves of pres- 
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sure taken by other methods ; aad, indeed, 03 shewn in Fig. 37 nnd 
in others which we shall give, corresponding features occur in 
carves of other changes in the heart. All these curves shew a 
flattening maintained, with smaller variaCions, during the con- 
tinuance of the systole ; this is so characteristic thai it has been 
called the 'systolic platean.' Il is true that curves of ventri- 
cular pressure taken by eertiiin methods, that of Frey and Krehl's 
for instance, do not shew this ' plateau,' the curve in such cases 
rising gradually to a maximum and immediately beginning tu fall, 
so that the aumioit is a simple peak. And it is argued that such 
a curve is the true curve ot ventricular pressure always obtained 
80 long as the blood in the ventricle has free access to the interior 
of the catheter, and that the plateau is only seen when the end of 
the catheter is too near the apex, and its opening closed, at the 
height of the systole, by the ventricular walls coming ti^ether ; the 
top of the true curve is thus, as it were, cut oR'. But the evidence 
is, on the whole, opposed to this view, and we shall accept tbu 
plateau as being a true representation. 

Though the curves given above agree in these main features, 
they differ in many minor features, and other features also ot minor 
value appear in curves of endocardiac pressure according to the 
various circumstances in which the heart finds itself. Some of 
these minor features we shall presently tind useful in discussing 
the mechaaism of the beat. 

§ 133. The output. Since the use ot the pressure exerted by 
the ventricle is to drive a quantity of blood out ot the ventricle 
into the aorta (or pulmonary artery) it is important to study the 
* output ' or quantity of blood so driven out ; and since, under 
normal circumstances, the quantity ejected by the right ventricle 
is the same as that ejected by the left ventricle, we may confine 
our attention to the latter. 

The normal or average output has been calculated in various 
ways, by help of certain assumptions; but these we may put on 
one side since the matter has now been made the subject of direct 
oxjierimental determination. 

iiffhixU. Method of Stolnikow. This conaistA in allowing the 
bloiHl to Sow from the carotid intu a vessel until a certain measiimd 
(|iiiiiility has cBcapod, and then ntliirning this blood to the right 
auricle while the blood from the cnrotid ia flowing into a second 
similnr veasel to be similarly returned, and in repenting this mana-uvre 
a c^rkiin number of times. One carotid is tied (the animal beinft a 
dog), and the arch of the aorta plugged beyond (Fig. 44 p). Tha 
circulation ia thus co)ifin>«l to the lungs and the coronary system. 
Into th« other carotid is tieil a tube connected by a fi>rked branching 
la and 2n with two vosk-Is I. and II., which also communicate by a 
si in ilur forked branching If and 3i> with tlie right auricle. The blood 
is nliowed to flow throu^'h \a int" I. until a certain (juantity has 
escaped. Then la is cloaod, while 2a and Iv are opened. The blood 
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from I. flows back by li> to the right auricle, while the blood from the 
carotid flows into II. by 2a. When a. certain quantity has escaped 
into II., the action is reversed, and I. ia once more filled ; and so on. 




Stou'ikow's Appakatdb. 



In this way the quantity of blood which the heart delivers, its ' output ' 
during a given time can he measured ; the quantity discharged at a 
single beat can similarly bo detennined. By means of recording floats 
in I. and II,, a graphic record of the output may also be obtained. 

The other methods are pletkytmographic (§ 122) in nature. The 
volume of the heart changes only with the volume of its contents, 
for we may neglect, in the first instance at least, os insignificant the 
changes of volume due to changes in the amount of blood held by the 
coronary system, and we may wholly neglect the changes of volume due 
to changes in the quantity of lyniph present in the cardiac tissues. 
An increase in the volume of the heart means that more blood is flowing 
into it than is leaving it, a decrease that more ia leaving it than is 
flowing into it. Hence, if we measure the diminution of volume which 
takes place during the systole, this gives us the volume of blood dis- 
charged by the two ventricles (hirin;; that systole, the efiect of changee 
in the auricles being neglected ; and since the two ventricles discharge 
equal quantities, half this will give us the quantity of hlood discharged 
by the loft ventricle during the systole. 

In the method of Tigerstedt and others the pericardial cavity ia 
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In the method of Hoy aiul Adumi the faeart is placed in a rigid 
metal boi. Fig. 45 6, tlie cavity of which, filled with wmnned oil, is 
connected with a %ht piston c and bo with a reconling lever. The 
pericardium bein^ laid open, the two halves of the box are placed 
ronud the heart, arc BecltIi^ly fixed by means of an India rubber ring a, 
to the parietal ]>ericHnlium rounrl tli« roots of the great vewela, and aie 
brought together. The cavity is then filled with oil, and the piston, 
■Uo tilled with oil, is hmnglit into connection with the box, the lever 
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and rod of the piston being placed by means of the india rubber spring d, 
in such a position that the pressure within the box \^ some few mm. Hg 
below that of the atmosphere. 

By these methods it has been determined that the diminution 
of the volume of the heart at a systole, the " contraction volume " 
as it has inconveniently been called, that is to say, the quantity 
of blood discharged at a systole, the output of a systole, or the 
** pulse-volume " as we may call it, for it is this which causes the 
pulse, varies very much under various circumstances. We shall 
have to discuss later on some of the influences bearing on its 
amount Meanwhile we merely call attention to the fact that it does 
vary largely, and that any numerical statement as to a normal 
pulse-volume has relatively little value. 

Another fact of considerable importance brought to light by 
these methods is that under certain circumstances, at all events, the 
output by the left ventricle during a number of beats may be less 
than the intake through the right auricle. This means that under 
these circumstances the ventricle does not at the systole discharge 
the whole of its contents ; some of the blood remains behind in 
the cavity of the ventricle at the close of the systole. Hence the 
assumption that the ventricle, in its systole, always discharges 
the whole of its contents, so as to be quite empty at the onset of 
diastole, is not true ; the ventricle may completely empty itself 
but it by no means always does so. 



The Mechanism of the Beat 

§ 133. We may now attempt to consider in rather more 
detail what we may call the mechanism of the beat, that is to say; 
the exact manner in which the heart receives and ejects the blood. 
For this purpose we shall need certain data in addition to those 
on which we have already dwelt. 

In addition to the curve obtained by placing a light lever on 
the exposed heart (Fig. 46), a method which though useful is open 





Fig. 46. (Kepeated from Fig. 37.) 
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to objection, we mny obtaiu what is very nearly the same thing, 
viz. a cardic^raphic irnciug (Kig. -17) or cardiogram, that is to say, 
a tracing of tlie cardiac impulse, a curve of the changes iu the 
pressure exerted by the apex of the heart on the chest-wall. 

Varioua forma of catnliojiraph have beeu used lo record the cardiac 
impulse. Iu some tiio {inuMure uf tlits iiupuioe ia transmitt«d direully 
to a lever which wnt«j upon n Iru veiling surface. In otben tlio 
iinpulne is, by means of an ivory button, brought to bear on an uir- 
cliamber, connected by a tuba with n tambour like that iu t'ig. 38 ; the 
prKssura of the caitliiiu impulse comprusses the air in the air-chambor, 
and through this the air in the uhambur of the tambour, whereupon the 
lever is raised. In others the iiupiilsu, beiug received by a small, 
elastic bag filled with fluid und introduced tbrough an opening made 
in the chest-wall, the pleura being left intact, is transmitted tbrough 
fluid along a tube to a membrane-manometer. Or, to avoid op«.'ning 
the chest-wall, the tube may be made to begin in a aniall, ttumpoU 
shaped opening or " receiver " covered with an elastic membrane, bearing 
a central button of cork or other (oaterial ; the button being lightly 
pntssed on the spot where the impulse ia felt, the impulse is tmnamitt«d 
along the fluid of the tutie from the elastic membrane uf the receiver 
to that of the luano meter. 



In Fig. 47 we give two such cardiograms obtained by different 
methods, in Fig. 55 a more diagrammatic curve. 




Fra. 47. CASDiooaAM*. 
The teft-luuid flgnrs u tram Roy and Adami 

Sioce it is the contraction of the ventricular fibres which Is the 
actual propelling fon-e, an exact record of this eontructiou, after 
the maaner of a muscle-curve, would serve, could it lie obtained, 
as the basis of discussion. Owiiif; to the intricate arrangement of 
the cardiac muscular fibres, such a simple record cannot be 
obtained ; the nearest approach to it is the record of the chnn^^es 
in the distance between two points on the surface of the heart 
brought about during a beat 
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In the iuatruiueiil of Hoy ami Adami, by an ingenious arrangement 
into the details ot whicb we need not )jO, a delitate rod placed horizon- 
tally in connection with two points of the surface of the heart, of the 
ventricles, for instance, as it glides to and I'ro, accurdbg as the two 
points approach or recede from each other, records its movements by 
meaua of a light lever. 

We give in Fig. 48 such a myocardiographic tracing, as it 
is called ; the rise of the lever indicates an 
approach, the fall a receding of two points 
taken transversely across the ventricle of a 
dog. 

What conclusions can we draw from the 
features of the various curvea which we have 
given ? We have reproduced in some cases 
more than one curve representing the same 
event, for the important reason that certain 
Fio. 48, M»oc*Eino- of the features of almost every curve are 
Hot'akd'adaui "'**' ^"^' ^ ^^'"^ extent at least, to the instru- 
ment itself, and must not he taken as exact 
records of what is act\tally taking place in the heart ; the inertia 
of one or other part of this or that instrument used plays a more 
or less important part in determining the form of the curve. It 
will therefore be readily understood that the interpretation of 
various heart curves is attended with great difBculties, and has 
led to much discussion. We must content ourselves here with 
contining our attention to the more important. points, leaving many 
details, however interesting, on one side. 

Let US begin with the beginning of the ventricular systole. 
All the curves, curve of endocardiac pressure, cardiogram, myocar- 
diogram, and others, shew the important fact that the systole hegina 
suddenly and increases swiftly until it reaches the beginning of 
what we have called the " systolic plateau," c in Figs. 39, 40, 46, 
3 in Fig. 47, d in Fig. 48. 

In some curves, as in Figs. 39, 40 B, 43, the rise is unbroken ; 
in others, as in Figs. 40 A, 46, the rise is marked with a shoulder. 
In Fig. 48, this shoulder h has been interpreted, by those who 
maintain that papillary muscles begiu their contraction later than 
the main ventricular wall, as indicating that event. We will not 
discuss the question here. 

In some of the pressure curves.as in Fig. 39, the rise of pressure 
in the ventricle due to the actual systole is preceded by a slight 
temporary rise. This has been interpreted as indicating a slight 
rise of pressure in the ventricle due to the auricular systole just 
preceding the ventricular systole ; but this interpretation has been 
debated, and indeed the slight rise in question is not always sefeo. 
Similarly, some curves shew a gradual but very slight increase of 
pressure in the ventricle during the preceding diastole ; this has 
been interpreted as indicating a rise of pressure due to the gradual 
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iuflow of blood from the auricle and veins 
always present. Both the steady 
though alight rise of the lever 
throughout the diastole, with a 
sudden increase at the end, coiu- 
cident with the auricular systole, 
are often seen in cardii^i 
the diagrammatic curve in Fig. o5. 
The ventricle »s a whole enlarges 
under the venous inflow, and is more 
suddenly enlarged by the auricular 
systole. 

The feature on whicli we wish to 
insist is the rapid rise of the intra- 
ventricular pressure, and the sudden 
change at the commencement of the 
aystolic plateau. What does this 
sudden change mean ? To answer 
this question we must ascertain what 
is taking place at the same time in 
the aorta. 

§ 131 If two catheters be in- 
troduced at the same time into the 
left side of the heart of a dog. being 
BO arranged that while the end of 
one catheter lies in the left ventricle, 
Fig. 49, V, that of the other lies Id 
the aorta A" above the semilunar 
valves, and if each catlieter be con- 
nected with a membrane -manometer, 
the two mauomet^rs recording on 
the same surface, one below the 
other, we obtain some such result 
as that shewn in Fig. 50. 

An examination of the two curves thus obtained shews us the 
following. At u, the beginning of the ventricular systole, or rather 
the time when the contraction of the ventricular fibres is beginning 
to raise the pressure within the ventricle, noeffect is being produced 
in the aorta ; the blood in the aorta is completely sheltered by 
the closed aortic valvea. A little later, however, at 1, the preRSure 
in the aorta begins to rise. This means that the seniilunnr valves 
are now opened, so that the force of the ventricular systole can 
make it-ielf felt in the aorta. Up to 1, the pressure in the 
ventricle, though iiiereosint;. is still less than that remaining in the 
aorta after the last beat, but at 1 the pressure in the ventricle 
becomes equal to or rather slightly -jreater than that in the aorta, 
and the valves are thrown open. 

This ia also shewn by comparing, as may be done by means 
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of the " differeutial maDometer," the changes of pressure m the 
ventricle and in the aorta at the aame time. 
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On the left side the mcordmg iiDrface is travelling Eluwly, on tbe rjgbt mora 
swiftly, the tuning'furk vibrations, t, being loo a seconil. 

A". aoRic. V. Tentricular rurve. x—t huo Hue to cAch. The rertical lines 
I, i, 3, 4, S, cut otMjb curve u exactly the same time. 

In tlio differentia] manometer, Fig, 51, tbe two tambours of two 
meinbrane manomotere T and T, (the nioutba of tlie tubes opening into 
each are eeon in aoctioo) are arranged so that the central diaca of both, 
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i Differential Hanohbteb o 



d and r/,, work on a balance above tbem. When the pressure m tbo 
two tambours is equal, the balance is horizontal ; any difference of 
pressure between the two leads to an upward or downward movement 
of one or other arm, and this working against the light steel spring », by 
means of t ami ^ moves the lever I. 

Tn FigB. 52, 53 we give simultaneous tracings of the pressure 
in the left ventricle V, and in the aorta A", and of the movements 
of the lever of the balance indicating differences of pressure D 
between the ventricle and the aortn. At the base line x — x of D the 
two pressures are equal. The course of the eur\-e below this base 
line indicates that the pressure in the ventricle is below that of the 
aorta ; as the curve approaches towards the base line the pressure 
in the ventricle becomes more and more nearly equal to that in 
the aorta ; and such part of the curve as lies above the base line 
indicates (except in so far as it may be due to the inertia of the 
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instrument) that the pressure in the ventricle ia for the time 
being above that in the aorta. 

t, . t 






A*. Borta. V. Tentride. D. dificrontial muiameur. i — x. the boM Udc id each 
rwpBOtlTelj. The rocarding nrtace ia travBtling slow);, Uib time tnwkw (, t mark- 
ing lecoiidB. 
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An examination of the figures shews that the pressures in the 
ventricle and the norta become equal at the mark (1). Before 
this though the pressure in the ventricle is rising rapidly that iD 
the aorta is not rising, indeed is continuing to sink -, the closed 
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semilunar valves shelter the blood iu the aorta from the ventrw 
lar pressure. But immediately after (1) the pressure in the aoi 
also begins to rise ; this shews that the semilunar valves are noi 
open, the blood in the ventricle and that in the aorta now fornii: 
fi continuous column, and allowing the pressure of the ventricle 
be felt in the aorta, A very slight excess of pressure on thfl 
ventricular side of the valves is sufficient to push aside the flaps 
of the valve ; so that we may fairly say that the valves open 
immediately after (1), which marks the point at which the curwB 
of difference of pressure between the ventricle and the aorta hai 
reached the base line j: — j; ; that is to say, at which the differeuce 
between the two has become niL 

It will be observed, however, that the mark (1) cuts the ventri- 
cular curve not at the summit of its rise but short of this ; thd 
pressure in the ventricle continues to rise after the valves on 
open, the curve continues after this to ascend rapidly up to (2); 
which marks the beginning of the systolic plateau. During th« 
interval between (l)and(2) the pressure is rising in the aorta alsa 
During this interval the pressure in the ventricle, continuing to" 
rise, becomes greater than that in the aorta, the curve of difference ^ 
rises above the baseline; but the excess of pressure in the ventricle j 
does not become very great, the curve of difference does not rise toj 
any great height, because that very excess of pressure is used a| 
in driving the contents of the ventricle into the aorta through th( 
open semilunar valves. 

During this interval the pressure in the aorta continues tl 
rise because, until the height of pressure at (2) is reached, th< 
pressure is not yet sufbcieot to drive the blood on along tin 
arterial system with adequate rapidity. 

With the point (2) the systolic plateau begins. During thi 
plateau the exact course taken by the curve of ventricular pressuv 
differs in different eases. We will take first the perhaps mon 
ordinary case in which the curve with intermediate variationat 
which we may at present pass over gradually declines until th^ 
point (3) is reached, when the plateau comes to an end by reasoal 
of the sudden fall of the ventricular pressure. 

There can be no doubt that the sudden fall after (3) ia due t 
the sudden cessation of the contraction of the ventricular walls, t 
their sudden relaxation. But what is taking place during th 
systolic plateau before this point is reached ? 

It used to be argued, taking count of the distension only ( 
the aorta as indicated by the sphygmograph, an instrument ( 
which we shall speak later on, that the ventricular conteul 
escape into the aorta during the period of the distension of 
aorta and during this only, having ceased to 0ow by the time tl 
this distension passes away giving place to a sequent shrink! 
of the aorta. Now when this period of distension is carefnll 
measured it is found to be much shorter than the systole of 
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ventricle, as measured by the length of the systolic plateau. 
Hence, it being further assumed that the whole of the contents 
of the ventricle were eject«d at each systole, it was inferred 
that the ventricle remained empty and yet contracted for 
an appreciable period after the discharge of its contents. Aud 
this led. in turn, to a great divei;gence of opinion as to the exact 
time at which the semilunar valves were closed. 

But when we carefully explore the pressure in the aorta and 
in the ventricle at the same time, making use uf the ditfereutlal 
manometer, we come upon facts which seem to disprove this view. 
Examining Fig. 53 we find that, while during the systolic plateau 
the pressure is falling in both aorta and ventricle, the curve 
uf difference of pressure D remains above the base line, thouj^h 
not far above it and continually approaching it, up to the mark (3) 
at the very end of the plateau. At this point, however, at the end 
of the plateau, at the beginning of relaxation, a very great difference 
of pressure is established i while the ventricular pressure falls 
suddenly and soon reaches or even passes the bti.se line (becoming 
in the latter case negative, it. below that of the atmospben-), the 
pressure in the aorta undergoes relatively little change, ^ indeed, 
immediately afterwards receives an increase of which we shall 
have to speak later on as the dicrotic crest of the pulse wave ; 
and the curve of difference D falls with very great abruptness. 

The interpretation of this seems to be as follows. During 
the whole of the systolic plateau up to the mark (3) the semi- 
hmar valves are open, the cavity of the ventricle and the root 
of the aorta form a common cavity which is occupied by a 
continuous column of blood. Hence the curves of ventriculnr 
and aortic pressure, of the pressure at the one end and at the 
other end of this column, follow the same general course, and, 
indeed, shew the same secondary variations; this general course 
is, in the case which we are studying, a descending one by 
reason, as we have said, of the relatively free escape of blood fmm 
the arterial system through the peripheral resistance. But tiie 
column of blood in question is a column in motion, the ventriculai 
pressure is driving the blood from the ventricle into the aorta ; to 
effect this the pressure in the ventricle must continue to be higher 
than that which it is itself generating in the aorta, the curve of 
difference must remain above the base line. And, since the curve 
of difference does remain above the base line right up to the mark 
(3), we may infer that up to this point blood does pass from the 
ventricle into the aorta. At (3), however, there is a sudden change. 
The systole suddenly ceases, and with that the curve of difference 
suddenly sinks below the base line ; the flow from ventricle ceasea 
not because tliere is nomoreblood to come, but because the pressure 
in the ventricle now f>ecomes lower than that in the aorta ; and, 
indeed, the blood would How back from the aorta to the region of 
lower pressure, to the ventricle, were it not that the very first effect 
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of the reflux is to close the semilunar valves. So soon as these 
are closed, the pressures in the ventricle and the aorta, which were 
previously following similar courses, now take separate courses; the 
latter falls suddenly, the former decreases gradually, and continues 
to decrease until the next systole once more opens the semilunar 
valves. We may add that this view is consistent with the conclu- 
sion mentioned in § 132, that not only the puLse-volume may vary, 
but also, at times at least, the whole contents are not driven out 
at the systole, some blood remaining behind. 

Moreover, the pressure does not always gradually decline 
during the systolic plateau ; sometimes it gradually rises during 
the whole of the period of the plateau, reaching its highest point 
just before the final sudden tell. This is shewn in Fig. 54. 




1 
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FlO. 54. CUBVB OF AOBTIO AND VbNTBICULAR PRESSURE, WITH AN 
ASCENDING StSTOLIC PlATEAU. HOrTHLE. 

In this figure the general features are the same as in Fig. 53, 
save that the curve of ventricular pressure rises during the whole 
of the systolic plateau. But the curve of aortic pressure also rises 
in a corresponding manner, and the curve of difference, if shewn, 
would be the same as in Fig. 53. The explanation of the difference 
between the two cases is that in Fig. 53 the peripheral resistance 
in the arterial flow (§ 117) is not very great, and the ventricular 
systole soon overcomes it to such an extent as to lead at once to 
some fall of pressure in the aorta (and in the ventricle). In Fig. 
54 the peripheral resistance is very great ; it is not overcome at 
first, the ventricle does its best working against it, and produces 
the most effect, raising the pressure to the highest point, just 
before its systole comes to an end. We may add that a similar 
course of the curve may be seen even when the pressure in the 
aorta is not very high, provided that the pulse-volume, the quantity 
discharged at the systole is very great; the form of the curve 
depends on the relative amounts which are entering the arterial 
system from the heart, and leaving it by the peripheral vessels. 

It is possible that under some circumstances the whole of the 
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ooatenU may be discharged before the actual systole ends ; but 
the observations and ai^unienta which we have just related, 
shew that suoh an event must be regarded as of exceptional, and 
not, as has been contended, of normal occurrence. 

Of the smaller secondary variations visible on the systolic 
plateau, coiispicuous in some curves (i, 5, fi, 7 in Fig. 47), various 
explanations have been given. Into the discussion of these we 
cannot enter here ; we may however say that in many observations, 
which we may probably regard as correct, these secondary markings 
are identical in the curves of ventricular pressure, of aortic pressure 
and of the cardiac impulse, or of the cHange in the outward form 
of the heart; the events which cause them tell in the same way 
on all three. 




Systole 



Diastole 



We give in Fig. UTt a diagram of the cardiac events according 
to the exposition which we have just made. The curves previously 
given were copies of actual curves obtained by experiment; this 
is a constructed diagmni. The upper curve is the curve of the 
cardiac impulse. The middle curve is the curve of pressure in the 
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left ventricle ; the unbroken line represents the course of the curve 
when, the peripheral resistance being small, the pressure needed 
tu drive ouward the blood ia not very high, in the figure less than 
150 mm. Hg. The dotted line represents the course of the curve 
wheu, the peripheral rusistance being great, the pressure is high, 
iu the figure nearly 200 mm. Hg. Tlie lower curve is the curve of 
pressure at the root of the aorta, the unbroken and the dotted 
lines having the same signiticance aa in the ventricular curve. 
The line marks the commencement of the ventricular systole, 
the line 1 the opening of the semilunar valves, and 3 the end 
of the systole. The line 4 marks the beginning of what in dealing 
with the pulse, we shall speak of as the dicrotic wave. The semi- 
lunar valves are closed between 3 and 4 ; the closure is the result 
at 3 of the cessation of the systole and as we shall see the cause 
at 4 of the dicrotic wave of the pulse. The time is given in tenths 
of a second. 

§ 135. In many curves, as in some of those given above, the 
pressure in the ventricle at the beginning of diastnle falls not only 
to the base line, which is the line of atmospheric pressure, but even 
below it ; that is to say.becomes negative. Such a negative pressure 
may be shewn by means of a minimum manometer, that is, a mano- 
meter arranged so as to shew the lowest pressure which has been 
reached in a series of events. The mercury manometer, which as we 
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have said, i^s unsuitable for followiug the rapid chanj^s (iaustitutiug a 
single beat, may be used as a tua.\iuium or minimum iiiBtrument 
for determining the highest or lowest pressure reached in one or 
Other of the heart's cavities during a series of beats. 

The principle of otie furiii uf maximum mauometer, Fig. 56, ouiiHisls 
in the introduction into tho tuliu lending from the heart to the umrviiry 
coluuin, of a (modified cup-aiid-ball) valve, opening, like the ui>i-tic 
oemilimar valvns, easily from the heart, but closing tiruily when fluid 
attempts to return to the heart. The highest pressure is that whicli 
■Irivei the longest column of fluid jiast the Vulvn, raising the mercury 
nolumn to a c»rn>»{>oniluig height. Hiiice this culmun, once paet the 
vnlve, cannot return, the mercury remains at the heiglit to which it was 
riiised by it, and thus recorda the maximum prmwurn. By revemng 
thi- direction of thi> vnlve, the manometer is converted from u uaxiiuiim 
into a niitiimum inetrumenL 

A simpler form of maximum nnil minimum manometer is tliat i>f 
HUrthle, wliich uoiisiats of a small chamber connected with two iitauo- 
melera, tliu '>peinng uf ench manometer into tlie chamber bein){ nrmed 
with a viitve of lliin nii'mhiunE!, so arranged that it permits in tli« case 
of one manometer, the maximum one, the entiunue only of the mercury, 
in the case of the other, the minimum one, the exit only. 

By means of the maximum manometer the pressure in the 
left ventride in the dug has been observed to reach a maximum 
of about 140 mm. (mercury), in the right veutricle of about 
60 mm. and in the right auricle of about 20 mm. These figures, 
however, are given as examples, and not as averages. Simi- 
larly negative pressures of from — 50 mm. to — 20 in the left 
ventricle of the dug, of about — 15 mm. iu the right ventricle, and 
of from —12 mm. to — 7 rain, in the right auricle, have been 
observed by the minimum manometer. Part of this diminution of 
pressure in the cardiac caviti<»3 is due, as will be explained in a 
later part of this work, to the aspiration of the thorax in the 
respiratory movement«. But even when the thorax is ojiened. and 
artificial respiration kept up, under which circumstanres no such 
aspiration takes place, a negative pressure may be still observed, 
the pressure in the left ventricle sinking according to some obser- 
vations as tow as — 24 mm. Now, what the instrument actually 
shews is that at some time or other during the number of beats 
which took place while the instrument was applied (and these may 
have been vi-ry few), the pressure in the ventricle sank so many 
turn, below that of the atmosphere. Since, however, the negative 
pressure may be observed when the heart is besting quite regulnrly, 
each beat being exactly like the others, we may infer that the negative 
pressure is repeated at some period or other of each cardiac cycle. 
The instrument itself gives us no information as to the exact phase 
of the beat in which the negative pressure occurs ; but it is clear 
from what w have already seen that wlu-n it itccurs, it must 
take place at the end of the systole, at the beginmng of th« 
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diastole. It is obvious, moreover, from what has gone before, that 
the semilunar valves are closed before it occurs, and we may 
dismiss the view which haa been put forward that it is of the same 
naturu as the negative pressure which makes its appearance behiud 
a column of fluid moving rapidly and suddenly ceasing, as when a 
rapid How of water through a tube is suddenly stopped by turning 
a tap. We may probably attribute it to the relaxation of the 
ventricular walla. This, as all the curves shew, is a rapid process, 
something quite distinct from the mere filling of the ventricular 
cavities with blood by the venous inflow; and, though some 
have objected to the view, it may be urged that this return 
of the ventricle from its contracted condition to its normal form 
would develop a negative pressure. This return we may probably 
regard as simply the total result of the return of each fibre to 
its natural condition, though some have urged that the extra 
quantity of blood thrown into the coronary arteries at the systole 
helps to unfold the ventricles somewhat in the way that fluid 
driven between the two walls of a double-walled collapsed ball or 
cup will unfold it. 

We may further conclude that such a negative pressure, when 
it occurs, will assist the circulation (and it may be remarked that 
the return of the thick-walled left ventricle naturally exerts a 
greater negative pressure than the thin-walled right ventricle) by 
sucking the blood which has meanwhile been accumulated in the 
auricle from that cavity into the ventricle, the auriculo-ventricular 
valves easily giving way. At the same time this very flow from 
the auricle will at once put an end to the negative pressure, which 
obviously can be of brief duration only. 

It should, however, be added that many observers find the 
development of a negative pressure to be by no means of such 
constant occurrence, and not to reach such marked limits as might 
be inferred from the numbers given above, at least in the unopened 
chest. If so it cannot be an important factor in the work of the 
circulation. 

§ 136. TJie duratio-n. of the several phases. We may first of all 
distinguish certain main phases : (1) The systole of the auricles, 
(2) The systole, proper, of the ventricles, during which their fibres 
are in a state of contraction. (3) The diastole of the ventricles, 
that is to say, the time intervening between their fibres ceasing to 
contract, and commencing to contract again. To these we may 
add ; (4) The pause or rest of the whole heart, comprising the 
period from the end of the relaxation of the ventricles to the 
beginning of the systole of the auricles ; during this time the walls 
are undergoing no active changes, neither contracting nor relaxing, 
their cavities being simply passively filled by the influx of blood. 

The mere inspection of almost any series of cardiac curves 

however taken, those, for instance, which we have just discussed, 

I will shew, apart from any accurate measurements, that the systole 
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of the Buricles is always very brief, that the systole of the veu- 
tricles is always very prolonged, always occupyiDg a coDsiderable 
portioQ of the whole cycle, and that the diastole of the whole 
henrt, reckoned from the end eitlier of the systole, or of the 
relaxation of the ventricle, is very various, being in quickly beating 
besj-ts very short, and in slowly beating hearts decidedly longer. 

When we desire to arrive at more complete measurements, we 
are obliged to make use of calculations based on various data ; and 
the value of somi; of these has been debated. Naturally, the most 
interest is attached to the duration of events in the human heart. 

A datum which has been very largely used is the interval 
between the beginning of the first and the occurrence of 
the second sound. This may be determined with approximative 
correctness, and is found to vary from 301 to 327 sec, occupying 
from 40 to 46 p. c of the whole period, and being fairly constant 
for different rates of heart Ijcat. That is to say, in a rapidly beating 
heart it is the pauses which are shortened, and not the duration 
of the actual beats. 

Tlie observer, lisUinid^; to the soonds of the heart, makes n flignn) nt 
each event on a recordiiijj surface, the differonoo in time between the 
niiirka boing ineasureil by means of tlio vibrations of a tuniug-fork 
lecorded on the same surfacti. By practice it is found possible to 
reduce tlie errors uf observation witliin very small limita. 

Now whatever bo the exact causation of the first sound, it is 
undoubtedly coincident with the systole of the ventricles, though 
possibly the actual commencement of its becoming audible may be 
slightly behind the actual beginning of the muscular contractions. 
Similarly, the occurrence of the second sound, which, as we have 
seen, is certainly due to the closure of the semilunar valves, may 
in accordance with the view expounded a little while back, be 
taken to mark the close of the ventricular systole. And on this 
view the interval between the beginning of the first and the 
occurrence of the second sound may be regarded as indicating 
approximatively the duration of the ventricular systole, i.e. the 
period during which the ventricular fibres are contracting. 

By an ingenious arrangement, a microphone attaclieii to a 
8tetho8coi)e may be made to record the heart sounds through the 
stimulation of a muscle-nerve preparation; and the record so 
obtained may be compared with the various cardiac curves. When 
this is done, the first sound is found to begin somewhere on the 
systolic ascent of the ventricular curve, the eicact point varying, 
and the second sound to occur just as the ventricular cuno begins 
its diastolic descent. 

There has been, however, as we stated above, great divergence of 
opinion and much discussion as to the exact time of the closure of 
the semilunar valves . tbf view given in the text above, though it 
■eems to be supported by adequate arguments, is not the only one 
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which is held. And on the view that the ventricles still remain 
contracted for a brief period after the valves are shut, the second 
sound does not mark the end of the systole, and the duration of 
the systole is rather longer than the time given above. 

Accepting the view given in the text, we may make the 
following statement. In a heart beating 72 times a minute, 
which may be taken as the normal rate, each entire cardiac cycle 
would last about OS sec, and taking 0*3 sec. as the duration of 
the ventricular systole, the deduction of this would leave 0*5 sec. 
for the whole diastole of the ventricle including its relaxation, the 
latter occupying less than -1 sec. At the end of the diastole of 
the ventricle there occurs the systole of the auricle, the exact 
duration of which it is difficult to determine, it being hard to say 
when it really begins, but which, if the contraction of the great 
veins be included, may perhaps be taken as lasting on an average 
0*1 sec. The 'passive interval,' therefore, during which neither 
auricle nor ventricle is undergoing contraction, lasts about '4 sec, 
and the absolute pause or rest, during which neither auricle nor 
ventricle is contracting or relaxing, about -3 sec. The systole 
of the ventricle follows so immediately upon that of the auricle, 
that practically no interval exists between the two events. In 
the systole of the ventricle we may distinguish the phase during 
which pressure is being got up before the semilunar valves are 
opened ; this is exceedingly short, probably from 02 to 03 sec. 
During the rest of the -3 sec. of the systole, the contents of the 
ventricle are being pressed into the aorta. 

The duration of the several phases may for convenience sake 
be arranged in a tabular form as follows : 

a 

sees. sees. 

Systole of ventricle before the open- 
ing of the semilunar valves, while 
pressure is still getting up '03 

Continued contraction of the ventricle, 
and 

Escape of blood into aorta -27 

Total systole of the ventricle 

Diastole of both auricle and ventricle, 
neither contracting, or " passive in- 
terval " 

Systole of auricle (about or less than) 

Diastole of ventricle, including relaxa- 
tion and filling, up to the beginning 
of the ventricular systole "6 

Total Cardiac Cycle -8 




SummaTy. 

§ 137. We may now briefly recnpitalate the main facts con- 
nected with the passage of blood through the heart. The right 
auricle during its diastole, by the relaxation of it^ muscular Hbres, 
and by the fact that all backward ptwasure from the ventricle is 
prevented by the closing of the tricuspid valves, ofTers but little 
resistance to the ingress of blood from the veins. On the other 
hand, the blood in the trunks of both the superior and inferior 
venii cava is under a pressure, which, though diminishing towards 
the heart, remains higher than the pressure obtaining in the 
interior of the auricle ; the blood in consequence flows into the 
empty auricle, its progress in the case of the superior vena cava 
beiu^ assisted by gravity. At each inspiration this flow (as we 
shall see in speaking of respiration) is favoured by the diminution 
of pressure in the heart and great vessels caused by the respiratory 
movements. Before this flow has gone on very long, the diastole 
of the ventricle begins, its cavity dilates, the flaps of the tricuspid 
valve fall back, and blood for some little time flows in an un- 
broken stream from the veniB cavte int« the ventricle. How far 
the entrance of blood from the auricle into the ventricle is, under 
ordinary circumstances, aided by the negative pressure in the 
ventricle following the close of the systole, must, as we have said, 
be left for the present uncertain. In a short time, probably before 
very much blood has had time to enter the ventricle, the auricle is 
full ; and forthwith its sharp, sudden systole takes place. Partly 
by reason of the backward pressure in the veins, which increases 
rapidly from the heart towards the capillaries, and which at some 
distance from the heart is as3ist«d by the presence of valves in the 
venous trunks, but still more from the fact that the systole begins 
at the great veins themselves, and spreads thence over the auricle, 
the force of llie auricular contraction is spent in driving the blood, 
not back into the veins, but into the ventricle, where the pressure 
is still exceedingly low. Whether there is any backward flow at 
all into the great veins, or whether by the pn^reasive characti-r of 
the systole, the flow of blood continues, so to spejik, to follow up 
the systole without break, so that the stream from the veins into 
the auricle is really continuous, is at present doubtful ; though a 
slight positive wave of pressure synchronous with the auricular 
systole, travelling backward along the great veins, has been 
observed at least in cases where the heart is beating vigonjusly. 

The ventricle thus being filled by the auricular systole, the 
play of the tricuspid valves described above comes into action, 
the auricular systole is followed by that of the ventricle, and the 
pressure within the ventricle, cut off from the auricle by the 
tricuspid valves, is brought to bear on the pulmonary semilunar 
valves, and the column of blood on the other side of those valves. 
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As soon as by the rapidly increasing shortening of the ventricular 
fibres the pressure within the ventricle becomes greater than 
that in the pulmonary artery, tht- semilunar valves open, and ihe 
Btill continuing systole discharges the contents of the ventricle 
into that vessel 

During the whole of this time the left side has with still 
greater energy been executinf; the same maiiffiuvre. At the same 
time that the vena! cava' are tilling the right auricle, the pulmonary 
veins are tilling the left auricle. At the same time that the rigbt 
auricle is contracting, the left auricle is contracting too. The 
systole of the left ventricle is synchronous with that of the right 
ventricle, but executed with greater force; and the flow of blood 
is guided on the leftside by the mitral and aortic valves in the 
same way that it is on the right by the tricuspid valves and the 
valves of the pulmonary nrtery. 

As the ventricles become tilled with blood, and so increased 
in volume, the apex begins to press steadily on the chest^wftU, 
as may be often seen in the cardiogram, the curve of the 
cardiac impulse. The fuller distension due to the auricular 
systole is more obvious in the same curve ; but both these 
changes are insignificant compared to the effect of the change of 
form, and of the position of the apex during the ventricular 
systole, by which the lever of the cardiograph is rapidly and 
forcibly moved. 

With this systole of the ventricles the first sound is heard. 

We may more conveniently follow the remaining events in the 
left ventricle. 

The effect of the discharge of the contents of the left ventricle 
is to raise the pressure at the root of the aorta to nearly the same 
height as that in the ventricle itself. The ventricular pressure 
continues for some time, giving rise to the " systolic plateau " of 
the various cardiac curves. In some cases this pressure soon 
reaches a maximum, after which it gradually declines, the curve of 
pressure sloping, with some secondary undulations, gently down- 
wards. In other cases where there is great resistance to the 
outflow along the arterial system, the pressure may continue to 
rise daring the whole of the ventricular systole. !n l»oth cases 
the curves of the ventricular pressure and of the aortic pressure 
lire similar. 

Then comes the sudden cessation of contraction, the sudden 
relaxation of the ventricular fibres. The pressure in the ventrj^cle 
becomes less than that which it itself has generated in the aorta, 
and the semilunar valves suddenly close as the blood flows back 
from the region of high pressure, the aorta, towards the region of 
low pressure, the ventricle At this moment the second sound is 
heard. 

Owing to the semilunar valves being closed, the pressures in 
the ventricle and in the aort«, which before were following the 
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same cuurse, now become differeut. While the pressure sinks 
rapidly in the ventricle, falling it may be below that of the atmoa- 
Bphere, and thua becoming a n^ative pressure, which in some cases 
may possibly be considerable, that in the »orta does not sink to 
a corresponding degree ; in fact, as we ahall see, it is reiuforced to 
a certain extent in a secondary rise, the so-called dicrotic rise. 

We have reason to believe not only that the quantity oE blood 
ejected at the systole may vary from time to time, but also that 
at times at all events if not normally, the whole oF the blood 
present in the ventricle at the systole may fail lo leave the 
ventricle during the systole, more or less remaining behind at the 
close ; the ventricle in such cases does not completely empty itself. 
On the other hand, we may perhaps admit that, at least under cer- 
tain circumstances, when, for instance, the contents of the ventricle 
are small, and the ventricle vigorous or the systole prolonged, the 
whole of the contents may be discharged in the earlier part of the 
systole, the ventricle remaining contracted for some little time after 
it h&B emptied itself. 

The Work done. 

§ 138. We have already (§ 132) spoken of that most important 
[actor in the determination of the work of the heart, the pulse- 
volume, or the quantity ejected from the ventricle into the aorta 
at each systole, and of the various methods by which it may be 
estimated. We have seen that it probably varies within very 
considerable limits. 

We may here repeat the remark that exactly the same quantity 
must issue at a beat from each ventricle ; for if the right ventricle 
at each beat gave out rather less than the left, after a certain 
number of tieats the whole of the blood would bo gathered in the 
systemic circulation. Similarly, if the left ventricle gave out loss 
than the right, all the blood would soon be crowded into the 
lungs. The fact that the pressure in the right ventricle is so 
much less than that in the left (probably 30 or 40 mm. as 
compared with 200 mm. of mercury), is due. not to differences in 
the quantity of blood in the cavities, but to the fact that the 
peripheral resistance which has to be overcome in the lungs is so 
much less than that in the rest of the body. 

Xot only does the amount ejected vary, but the pressure under 
which it is ejected also varies within very considerable limits. 
Moreover, the numlwr of times the systole is ri*peatcd within a 
given period may also vary considerably. The work done, therefore, 
varies very much. But it may be interesting and instmctive to 
note the results of calculating out a very high estimate. Thus 
if we take ISO grms. as the quantity, in man, ejected 
at each stroke at a pressure of 250 mm. of mercury, which is 
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SEC. 4. THE PULSE. 



§ 139. We have seen that the arteries, though always dis- 
tPtuk-d, undergo, each time that the systole of the veiiUicle drives 
the contents of the ventricle into the aorta, a temporary additional 
expansion so that when the finger is placed on an artery, such 
as the radial, an intermittent pressure on the finger, coming and 
going with the beat of the heart, is felt, and when a light lever 
is placed on the artery, the lever is raised at each beat, falling 
between, 

This intermittent expansion, which we call the pulse, cor- 
resjioudiug to the jerking outflow of blood from a severed artery, 
is present in the arteries only, being, except under parttcular 
circumstanccs, absent from the veins and capillaries. The expan- 
sion is frequently visible to the eye, and in some cases, as where 
an artery has a bend, may cause a certain amount of locomotion 
of the vessel. 

We may, by applying various instruments to the interior of an 
artery, study the temporary increase of pressure which is the cause 
of the temporary increase of expansion. This makers itself felt, as 
we have seen, in the curve of arterial pressure taken by the mercury 
manometer ; but the inertia of the mercury prevents the special 
characters of each increase becoming visible. In order to obtain 
an adequate record of these special characters we must have 
recourse to other instruments. 

The niembiane-nianoniet«r, of which we have already spoken (§ 131), 
nnd on the r«aulU joined by which when applied to tho root of Ihe 
nortn by meana of a catheter we have dwelt (§ 134), may alio bo applied 
to other arteries, the tube leading to the tnmtmur of tlie maiionietor being 
connected with the artery by roeatis "f a cannulH in tho onlin-iry way. 

In Kick's Bpring-manometcr, in its onKinal form, Fig. 57, the nrtory 
is connected by means of a cannula and a ripd tube containlnK fluid 
with the interior of a uiirved apring ; an increase of prewiire uiifnlds 
tbn eiin-fl of the spriu};, the moveraenta of the end of which may be 
reconleil by muaiii of n li^ver. In Fiek'a improved form the membrane 
of n small air-tambnur worku ugsinst ii horizontal slip of eUtel which 
arte M a epnnn ; this inntrumutit, hki- Pmy anil KrehrH iimnuniGt^r 
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equivalent to 3*21 meters of blood, this means that the left 
ventricle is capable at its systole of lifting 180 grms. 3*21 m. high, 
i e. it does 578 gram-meters of work at each beat Supposing the 
heart to beat 72 times a minute, this would give for the day's 
work of the left ventricle nearly 60,000 kilogram-meters. Calcu- 
lating the work of the right ventricle at one-fourth that of the 
left, the work of the whole heart during the day would amount to 
75,000 kilogram-meters, which is just about the amount of work 
done in the ascent of Snowdon by a tolerably heavy man. 
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^ 139. We havp seen that the arteries, though always dia- 
Uinded, undergo, each time that the ayatole of the ventricle drives 
the contents of the ventricle into the aorta, a temporary additional 
expansion so that when the fiuger is placed on an artery, such 
as the radial, an intermittent pressure on the finger, coming aud 
going with the beat of the heart, is felt, aud when a light lever 
is placed on the artery, the lever is raised at each beat, fallmg 
between. 

This intermittent expansion, which we call the pulse, cor- 
responding to the jerking outflow of blood from a severed artery, 
is present in the arteries only, being, except under particular 
circumstances, absent from the veins and capillaries. The expan- 
sion ia frequently visible to the eye, and in some cases, as where 
an artery has a bend, may cause a certain amount of locomotion 
of the vessel. 

We may, by applying various instruments to the interior of an 
art«?ry, study the tem|K>rary increase of pressure which is the cause 
of the temporary increase of expansion. This makes itself felt, as 
we have seen, in the curve of arterial pressure taken by the mercury 
manometer ; but the inertia of the mercury prevents the special 
characters of each increase becoming visible. In order to obtain 
an adequate record of these special characters we must have 
recourse to other instruments. 

llie menibrane-manometer, of which we havo already spoken (§ 131), 
and on the results gained b; which when appUed to the root of tb« 
iiorta by meanit of a L-nthcter we hnvo dwelt (§ 134), may aUo be applied 
to other arteries, the tube leading tn the tambour of the manometer beinn 
counected with the artery by means -if a fannula in the ordinary way. 

Iq Fick's spring-manometer, la its urif^nal form. Fig. 57, the nrtorj 
is connected by means of a cannula and a rieid tube containing flnid 
with the iiitf^rinr of n curvetl xpring ; an iner«aae of pressure unfoMii 
the ciirvn of the ■priog. the mnvements of the end of which may So 
recorded by means of n Icvor. In Fick's improved form the membrane 
uf u small air-tamboUT works against a horizontal slip of steel which 
»ts UB a Bprinv; thi* inrtniraent, likp Frey and KreWe manometer 
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e $ 131), can be applied to an atiery 



which is only a modification of it (sc 
by a cannula in the ordinary way. 

Tbe " spbygmoscope " consists of a small elastic bag, the end of an 
india rubber tini^er, fur instance, fitted on to a conical cork, through 
which paasea a tube opening into tbo hag, and connected by a CAnnula 
with the artery ; both bag and tube ore, before being connected with 
tbe artery, Idled with Huid of a nature to hinder clotting. The bag, by 
means cit' the conical cork, is firmly fitted into the end of a small glass 
tube, tbe cavity of which filled with air is connected with a recording ait 
tambour. The changes of pressure within the artery are transmitted m 
the elastic bag, and through this to the air of the gla^ tube and so to tlid 
recording tambour. 

The tambour-sphygmoscope of Hurthle is a combination of the 
raembtane-manometer with a tambour. The membrane of tbe manometer 
works not directly on a lever, but on a recording air tainbonr, tbe move- 
ments of which are recorded in the usual way. 

In the sphygnjutono meter of Koy, the artery is, by means of a 
cannula, and rigid tube filled with fiuid, connected with a cylinder in 
which a light piston works by means of :i delicate membrane. 




Fig. S7. Fick'b Rprivg Manohbtbb. 

The fiatteneii tiilic in the form ut a hoo]! in firmly fixed at one end. while the 
other tree end is attarlied to a lever. The iuloriur of tlie tube, filled with spirit, ia 

brought, Ijy meuim iiS n inbe ciiuliuDing sodinin tiirboiiBte solntiou. i"' "'-- 

with au artaiy. in murb tlie same wny as in the tane of tli? luercn 
The increase of [iressnre in the artery lieing lriin»inltted to the holli 
to straigbten it, and correspondingly moves the attached lever. 
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I still other instrumeuts iFbich may be used ill i 



And there i 
■itniUr way. 

It is not pecessary, however, to open the artery ; we may study 
indirectly the changes of pressure by recording the expansions and 
retractions of the artery, the changes in its diametur, which are 
produced by the changes of pressure. 

The most toiumou method of regisl«ring the expansion of an atterv 
And at the same tiniD oue of the aiiupliMt, ia that of l>riugiug a light lever 
to bear on the outaide of the urtt-ry. 

A lever specially adapted tu nx'urd a pubn tracing ia calleil a 
Sphyg Olograph, tbe iustnimeiit jjeueniUy coiupriairig a email travelling 
recoiling eurfaoe on whicli the lever wriuw. Tlxre are mouy did'eteiit 
forms of sphygmogmph, hut the general plan of structure is the same. 
Fig. bH represents in a rliagniiiiniatic form the e.saential parte of tlie 
■phygmograph known as Dud|,'eu[i'a. which we hiivo chosen for repn-- 
sentaLiuii, not liecaiise it is best, but because it is one very largely 
employed in medical practii^e. The inatnuneut is generally applied to 
the radial artery Itccnuae the arm ailurils a convenient support to the 
fulcrum of the lover, and because the position of tlie artery, near to tlie 




Dedgeon's). 



CerUtin *uppartiug parti on oioitUKl to that the majtipljiag Icron uuv Iw 
diapUfnt. 

II !■ a imalt metal |>lnt« which ix kept preiuiod on the artery bf the Hpriiis h. 
The Tertkal TDovaniuiiU ul « urmi lnHUid.fm niovein«Dtii of the lerer r about thn 
ixed point d. Th«w arc cuiiiinanTrnttiil to aiiil nia^nHFil lit the lover «. wbh-h 
Movm roDod the fixed pnint f. Th« free end of Ihi* lever rarrie* a light (teal 
markor which reata nn a itrip at >nitiked paper 9. Thn paper E* plaped lieneath two 
Miall whecla. and reals on a roller whieh can ha mtaMl by means nf rWk-woril 
cootaiunil in the box k. The paper is thus eausad 10 traiel at a nnlfarm rate. 
The lu-n-w fradnatnt In uDDcea Troy is bnmght to hear nn iho spring b bvniHin* of 
a ranim, aii<i liv this [he pressnro pnt on the artery can bo regulated. The Ipters 
oia^iry the polsr niiivsinonl* Hfty tjnira. 
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sur&ce and with t.iie support of the ra<jius below so that ailequule 
pressure can be hrougbt to licar by tha levei- on tbe artery, is favour- 
able for making observations. It can, of couitie, be applied to other 
arteries. 

The membrane-uianumeter of Hiirthle may also be applied directly 
to an unopened artery. The isnuula is replaced by a auiull fiiuiiel, the 
mouth of which is covered by membrane hearing at its centre a small 
block of cork. If tbe cork be pressed lightly on aii arteiy, the expaosious 
of the artery oioTe the membrane of tiie funnel, and the movements 
of this are transmitted along the fluid of a rigid tube to the recording 
tamhuur. 

A pulse tracing may also be indirectly obtained by the plethyauio- 
graphic methiid. If the arm be introduced into a plcthysmo^Taph 
(§ 122), a tracing may be obtained of the Thythmie expansions uf tlie 
arm, that is, of the rhythmic expansions of the arteries of the arm, due 
to the heart bedte. If the plethysmograph chamber be filled with air 
instead of fluid, the changes of pressure in the chamber may be brought 
to hear on a sensitive flame, the changes of which in turn may be 
photographed. 

If the artery be laid bare, other methods may be adopted. In some 
cases, in that of the aorta, for instance, it is sufficient to attach a light 
hook into the outer coat of the artery, and to connect the hook by 
means of a thread with a carefully balanced lever. The movements of 
the coat of the artery are then recorded by the lever. 

The sphygmotonometer of Roy may also be used without opening 
tbe artery. For this purpose a length of the artery is enclosed in a 
tube with rigid walls, filled with fluid, which acts as a plethysracgrajih, 
the movements of the fluid around the artery being recorded by means 
of a piston n-^irking a lever. If the artery be ligatured and divided, 
one end may be drawn into the tube for the distance required. The 
tube may ajhc Iw made of two halves, one of which is slipped under the 
artery simply laid bare, the other placed above it, and the two halves 
are brought ti^gether round tJie artery, the two ends of tbe tube b^og 
closed with membrane. 

And still other methods may Iw employed. 

The several tracings obtained by these several methods differ 
of course in minor features, but they agree in general features ; 
and from a comparative study of the results obtained by different 
methods we ai'e able, in many cases at all events, to form conclu- 
sions as to which of the minor features of a curve are due to the in- 
strument itself, and which represent events actually taking place 
in the artery. On the whole, the curve obtained by directly record- 
ing the pressure within the artery is concordant with that obtained 
by recording the expansions of the artery; the curve obtained by 
the manometer or by the sphygmoscope very closely resembles 
that obtained by the spliygmograph, and the more completely the 
incidental errors of each instrument are avoided, the more closely 
do the two curves agree. We may accordingly in treating of 
pulse conGne ourselves largely to the results obtained by the sphyg- 
mograph. Any of the various instruments applied to the radiftl 
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artery would give aome such tracing as that shewn in Fig. 59 which 
is obtained by meaDs o£ the sphygniograph. At each heart bent the 




The vortiral curved lioe, L, givw tlio tracing which the roconling luvt 
when the biwkeuod pupor wu muciuoliiM, The carred iDtcrrnptcd Iidck ehrw the 
dutjuice fruni one Mlcitber JD time ul the chief phue* ot the pulne-wave. ric 
X = comrooncemoDt, and A end uf exponaioa ot vtery. p, preilicrutic nau-h. J, di- 
eiotic notch. C, dicrotic cnm. 1), pont-dicrutic cieit. /, the pottdicroiic notch. 
Those tonal mo eipliiiiied iu the text Ular on. 

curve rises rapidly, and then falls more gradually in a line which 
is more or less uneven. 

g 140. We have now to study the nature and characters of 
the pulse in greater detail. 

We may say at once, and. indeed, have already incidentnlly 
Been, that the pulse is essentially due to physical causes ; it is 
the physical result of the sudden injectiou of the contents of the 
ventricle into the elastic tubes called arteries, lie features 
depend on the one hand on the systole of the ventricle, on the 
quantity ot blood which is thereby discharged into the aorta, and 
on the manner in which it is discharged, and on the other hand 
on the elasticity of the arterial walls. The more important of 
these features may be explained on physical principles, and may 
be illustrated by means of an artificial model, so far at least aa 
we can imitate the action of the heart. 

We may confine ourselves, in the first instance, to the simple 
expansion of the arterial tube and its return to its previnna 
condition, neglecting for the present all secondary events. 

If two levers be placed on the arterial tubes of an artificial 
model Fig. 31, S. a., S". «., one near to the pump, and the other 
near to the peripheral resistance, with a considL^rable length of 
tubing between them, and both levers be made to write on a 
recording surface, one immediately below the other, so that their 
curves can be more easily compared, the following facta may be 
observed, when the pump is set to work regularly. They are 



274 ARTIFICIAL PULSE. [Book t. 

perhaps still better seen if a number of levers be similarly 
Arranged at different distances from the pump as in Fig. 60. 
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Fig. 60. I'lil^ie-curves described by a series of BphTgmographic tevers placed at 
iutervals of 90 cm. from each nttier along im elastic tobe, into whicli fluid is forced 
bj the sudden stroke of a pump. The pulse-vave is tiBvelliag from left to right, as 
indicated by the arrows over the primary In) and secondary [b, c) pulse-wavea. The 
dotted vertical lines drawn from the summit of the seraral primaiy waves to the 
tuning-fork curve below, each complete vibration ot which oecnpies ^ sec., allow tlie 
time to be measured which ia taken up by the wave in passing along 80 em. of tba 
tnhing. The waves □' ore waves rf fleeted from the closed distal end of the tnbinci 
this is indicated hy the directtuD if the arrows. It will be observed that ia the 
nior(> distant lever VI. the reflected wave, having but a slight distance to travel, 
becomes fused with tlie primary wave. (From Marey.) 

At each stroke of the pump, each lever rises until it reaches 
a maximum (Fig. 60, la, 2a, &c.), and then falls t^io, thus 
describing a curve. The rise ia due to the expansion of the part 
of the tube under the lever, and the fall ia due to that part ot the 
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tube retniuiag afMr the expansion to its previous calibre. Tlie 
curve is therefore the curve of the expansion (and return) of 
the tube at the point on which the lever rests. We may call it 
the pulse-curve. It ia obvious that the expansion {insses by the 
lever in the form of a wave. At one moment the lever is at rest: 
the tube beneath it is simply distended to the normal amount 
indicative of the mean pressure which at the time obtains in the 
arterial tubes of the model ; ul the next moment the pulse expan- 
sion reaches the lever, and tlte lever begins to rise ; it continues 
to rise until the top of the wave reaches it, after which it falls 
again uutil finally it comes to rest, the wave having completely 
passed by. 

It may perhaps be as well at once to waro the reader that the 
figure which we call the pulse-curve is not a representation of the 
pulse-wave Itself ; it is simply a representation of the movements, 
up and down, of tlie piece of the wall of the tubing at the spot on 
which the lever rests during the time that the wave is passing 
over that spot. We may roughly represent the wave by the 
diagram Fig. 61. in which the wave shewn by the dotted line is 



./ 



Fio, 61. A HODon DUaiuliilATic Kef 



, / \ 
X 

. Puwb-Wate f 



passing over the tuba (shewn in a condition of rest by the thick 
double line) in the direction from If to C. It must, however, Ijo 
remembered that the wave thus figured is a much shorter wave 
than is the pulse-wave in reality (that being, as wi; shall see, 
about 6 meters long), i.e. occupies a smaller length of tlie arterial 
system from the heart ff towards the capillaries C. Moreover, the 
actual pulse-wave has secondary features, which we are neglecting 
for the present, and which, therefore, we do not attempt to shew 
in the figure. 

The curves below, X. V, Z. represent, in a similarly diagram- 
matic fashion, the curves described, during the passage of the wave. 
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by levera placed on the points x, y, e. At Z the greater part of 
the wave has already passed under the lever, which, during its 
passage, has already described the greater part of its curve, shevm 
by the thick line, and has only now to describe the smHll ]i&t\^ 
shewn by the dotted line, corresponding to the remainder of the 
wave from Z to U. At Kthe lever is at the summit of the wave. 
At JC the lever has only described a small part of the begiiiiiiDg 
of the wave, viz. from C \a x, the rest of the curve, as shewn by 
the dotted line, having yet to be described. 

But to return to the consideration of Fig. 60. 

§ 111. The rise of each lever is somewhat sudden, but the fall 
is more gradual, and is generally marked with some irregularities 
which we shall study presently. The rise is sudden because the 
sharp stroke of the pump suddenly drives a quantity of lluid into 
the tubing, and so suddenly expands the tube ; the fall is more 
griidual because the elastic reaction of the walls of the tu1<e, which, 
after the expanding power of the pump has ceased, brings about 
the return of the tube to its former calibre driving the fluid 
ouwards to the periphery, is more gradual in its action. 

These features, the suddenness of the rise or up-stroke. and the 
more gradual slope of the fall or down-stroke, are seen also in 
natural pulse-curves taken from living arteries (Figs. 59, 62 &c). 
We shall see, however, that under certain circumstances this 
contrast between the up-stroke and the down-stroke ia not so 
marked. 

It may here be noted that the actual size of the curve, that is 
the amount of excursion of the 
lever, depends in part (as does also fi g c a 

to a great extent the form of the 
curve) on the amount of pressure 
exerted by the lever on the tube. 
If the lever only just touches the ^ 

tube in its expinded state, the rise ^ i f 

will be insignificant. If, on the -J^"--— J 
other hand, the lever be pressed 
down too firmly, the tube beneath 
will not be able to expand as it «i6 o 

otherwise would, and the rise of the ^ijj^ j ^ 

lever will be proportionately dimin- 
ished. There is a certain pressure 
which must be exerted by the lever 
on the tube, the exact amount 
depending on the expansive power 
of the tubing, and on the pressure 
exerted by the fluid in the tube, 
in order that the tracing may be 
beat marked. This is shewn in 
Fig. 62, in which are given three tracings taken from the aatne 
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radial artery with the same iustrument, in the lower curve the 
pressure of the lever is too great, in the upper curve too small, tu 
bring out thu proper characters of the pulse ; these are seen more 
dbtinctly iu the middle curve with a medium pressure. 

§ 142. It will be observed that in Fig. 60. curve L, which id 
uearer the pump, rises more rapidly and rises higher than curve 1 [., 
which is farther away from the pump ; that is to say, at the lever 
farther away from tlie pump the expansion is less and takes place 
more slowly thao at the lever nearer the pump. Similarly in 
curve IV. the rise is still less, and takes place still less rapidly 
than in II. , and the same change is seen still more marked in V. 
as compared with IV. In fact if a number of levers were placed 
at equal distances along the arterial tubing of the model, and the 
miMlel were working properly, with an adequate peripheral resisb- 
ance, we might trace out step by step how the expansion, as it 
travelled along the tube, got less and less in amount, and at the 
same time became more gradual in its development, the curve 
becoming lower and more flattened out, until, in the neighbourhood 
of tiie artiticial capillaries, there was hardly any trace of it left. 
In other words, we might trace out step by step the gradual 
disappearance of the pulse. 

The same changes, the same gradual lowering and Hattening 
of the curve, may be seen in natural pulse tracings ; compare, for 
instance, Fig. 63, which is a trac- 
ing from the dorsalis pedis artery, # « 
with the tracing from the radial 
artery Fig. 62, taken from the 
same individual with the same 
instrument on the same occasion. 

This feature is, of course, not ob- F'lo-M Puw«Tii»cnir. fbdv Dob- 
vious in all pulse-curves taken timvil^^*" AtVio'ea"^""**"" 
from different individuals with 

diffurent instruments and under varied circumstances ; but if 
a aeries of curves from different arteries were carefully taken 
under the same conditions, it would be found that the aortic 
tracing is higher and more sudden than the carotid tracing, 
which again is higher and more sudden than the radial tracing, 
the tibial tracing being in turn still lower and more tlatteued. 
The pulse-curve dies out by becoming lower and lower, and more 
and more flattened out. 

And a little consideration will shew m that this must be sol 
The systole of the ventricle drives a quautity of lilimd into the 
already full aorta. The sudden injection of this quantity 'if blood 
expands the portion of the aorta next to the heart, the part 
immediately adjacent u> the semilunar valves beginning to expand 
first, and the expansion travelling thence on to the end of this 
portion. In the same way the expansion travels on from this 
portion through all the succeeding portions of the arterial systeoL 
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For the total expansion required to make room for the new 
quantity of blood is not provided by that portion alone of the 
aorta into which the blood is actually received ; it is supplied by 
the whole arterial system : the old quantity of blood which is 
replaced by the new in this first portion has to find room for itself 
in the rest of the arterial space. As the expansion travels onward, 
however, the increase of pressure, which each portion transmits to 
the succeeding portion, will be less than that which it received 
from the preceding portion. For the whole increase of pressure 
due to the systole of the ventricle has to be distributed over the 
whole of the arterial system ; the general mean arterial pressure 
is, as we have seen, maintained by repeated systoles, and any one 
systole has to make its contribution to that mean pressure ; the 
increase of pressure which starts from the ventricle must there- 
fore leave behind at each stage of its progress a fraction of itself ; 
that is to say, the expansion is continually growing less, as the 
pulse travels from the heart to the capillaries. Moreover, while 
the expansion of the aorta next to the heart is, so to speak, the 
direct effect of the systole of the ventricle, the expansion of the 
more distant artery is the effect of the systole transmitted by the 
help of the elastic reaction of the arterial tract between the heart 
and the distant artery ; and since this elastic reaction is slower in 
development than the actual systole, the expansion of the more 
distant artery is slower than that of the aorta, the up-stroke of 
the pulse-curve is less sudden, and the whole pulse-curve is more 
flattened. 

The object of the systole is to supply a contribution to the 
mean pressure, and the pulse is an oscillation above and below 
that mean pressure, an oscillation which diminishes from the heart 
onwards, being damped by the elastic walls of the arteries, and so, 
little by little, converted into mean pressure until in the capillaries 
the mean pressure alone remains, the oscillations having dis- 
appeared. 

§ 143. If in the model the points of the two levers at different 
distances from the pump be placed exactly one under the other 
on the recording surface, it is obvious that, the levers being alike 
except for their position on the tube, any difference in time 
between the movements of the two levers will be shewn by an 
interval between the beginnings of the curves they describe, the 
recording surface being made to travel sufficiently rapidly. 

If the movements of the two levers be thus compared, it will be 
seen that the far lever (Fig. 60, II.) commences later than the near 
one (Fig. 60, I.) ; the farther apart the two levers are, the greater 
is the interval in time between their curves. Compare the series 
I. to VI. (Fig. 60). In the same way it would be found that the 
rise of the near lever began some fraction of a second after the 
stroke of the pump. This means that the wave of expansion, the 
pulse-wave, takes some time to travel along the tube. 
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The velocity with which the pulse-wave travels depends chieBy 
on the amount of rigidity possessed by the tubing. The more 
extensible (with corresponding elastic reaction) the tube, the slower 
is the wave ; the more rigid the tube becomes, the faster the wave 
travels; in a perfectly rijrid Lube, what in the elastic tube would 
be the pulse, becomes a mere shock travelling with very great 
rapidity. The width of the tube is of much less influence, though 
according to some observers the wave travels more slowly in the 
wider tubes, 

Therale at which the nonnal pulse-wave travels io the human 
body has been variously estimated at from 10 to 5 meters per 
second. In all probability we may take 6 meters as an average 
rate; but it must be remembered that the rate may vary very 
considerably under different conditions. According to all observers 
the velocity of the wave in passing from the groin to the foot is 
greater than that in passing from the axilla to the wrist (6 m. 
against 5 m.). This is probably due to the fact that the femoral 
artery with its branches is more rigid than the axillary and its 
branches. So, also, the wave travels more slowly in the arteries 
of children than in the more rigid arteries of the adult The 
velocity is also increased by circumstances which heighten, and 
decreased by those which lower the mean arterial pressure, since 
with increasing pressure the arterial walls become more, and with 
diminishing pressure less rigid. Probably also the velocity of the 
pulse-wave depends on conditions of the arterial walla, which we 
cannot adei|uately describe as mere differences in rigidity. In 
experimenting with artificial tubes it is found that different 
qualities of india rubber give rise to very different results. 

Oare must be taken not to confound the progress of the pulse- 
wave, i.e. of the expansion of the arterial walla, with the actual 
onward movement of the blood itself. The pulse-wave travels 
over the moving blood somewhat as a rapidly moving natural 
wave travels along a sluggishly flowing river. Thus while the 
velocity of the pulse-wave is 6 or possibly even 10 meters per sec, 
that of the current of blood is not more than half a meter per sec., 
even in the large arteries, and is still less in the smaller ones. 

§ 144. lieferring again to the caution given above, not to 
regard the pulse-curve as a picture of the pulse-wave, we may now 
add that the pulse- wave is of verr considerable length. If we know 
how long it takes for the pulse-wave to pass over any point in tlie 
arteries and how fast il is travelling, wq can easily calculate the 
length of thi! wave. In an ordinary pulae-cnrve the artery, nwing to 
the tlow return, is seen not to regain the calibre which it had before 
the expansion, until just as the next expansion begins, that is to 
■ay, the pulse-wave takes the whole time of a cardiac cycle, viz. 
^the flee,, to pass by the lever. Taking the velocity of the pulse- 
wave as 6 meters per sec., the length of the wave will be ^ths of 
6 OL, that is, nearly 5 meterr And even if we took a smaller 
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estimate, by supposing that the real expansion and return of tha 
artery at any point took much leas time, say -^th sec., tlie length 
of the pulse-wave wauM still be more than li met«rs. But even 
in the tallest man the capillaries farthest from the heart, those in 
the tips of the toe3. are not 2 m. distant from the heart. In utlier 
words, the length of the pulse-wave is much great«r than the 
whole length of the arterial system, so that the beginning of 
each wave has become lost in the small arteries and L-apiUaries 
some time before tlie end of it has finally passed away from the 
beginning of the aorta. 

We must now return to the consideration of certain special 
features in the pulse, which, from the indications they give or 
suggest of ttie condition of the vascular system, are often of grt^b 
interest. 

§ 146. Secandary waves. In nearly all pulse tracings, the 
curve of the expansion and recoil of the artery is broken by two, 
three, or several smaller elevations and depressions : secondary 
waves are imposed upon the fundamental or primary wave. In 
the sphygmographic tracing from the carotid. Fig. 64, and in many 
of the other tracings given, these secondary elevations are marked 
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as B, C, D. Wlicn one such secondary elevation only is conspic- 
uous, 80 that the pulse-cur\e presents two notable crests only, 
the primary crest and a secondary one, the pulse is said to be 
" dicrotic " ; when two secondary crests are prominent, the pulse is 
often called " tricrotic " ; when several, " polycrolic." As a general 
rule, the secondary elevations appear only on the descending limb 
of the primary wave as in most of the curves given, and the curve 
is then spoken of ba " katacrotic." Sometimes, however, the first 
elevation or cR-st is not the highest, but appears on the ascending 
portion of the main curve : such a curve is spoken of as •' auncrotic " 
Fig. 65. As WW have already seen (§ 134) the curve of pressure 
at the root of the aorta, and, indeed, that of endocftrdiac pressure 
may be in like manner " anacrotic " (Figs. 54, 55). 
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or these Becoudarj' elevations, the most frequent, conspicuous, 
and important is the one which appears 
some way down od the descendiog limb, s 
and is marked C ou Fig. 64 and on m<>st 
of the curves here given. It is more or 
less distinctly visible on all aphygmogranis. 
and may be seen in those of the aorta 
aa well as of other arteries. Sometimes 
it is 80 slight as to be hardly discernible; 

at other times it may be so marked as Fio.65 Akacrotic «i-nTn- 
to give rise U) a really double pulse '^^''a^h^d^o'' j^^l 
(tig. 66), I.e. a pulse which can be felt (Anenruto). 
as double by tlio finger : hence it has been 

called the dicrotir elevation or the dicrotic wave, the notch 
preceding the elevation being spoken of as the " dicrotic notch." 
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Neither it nor any other secondary elevations can be recognized 
in the tracings of blood pressure taken with a mercury manometer. 
This may be explained, as we have said § 139, by the fact that 
the movements of the mercury column are too sluggish to repro- 
duce these tiller variations. Moreover, when the normal pulse 
is felt by the linger, most persons tind themselves unable to detect 
any dicrotism. But that it does really exist in the normal pulse 
is shewn by the fact that it appears, sometimes to a marked 
extent, sometimes to a less extent, not only in aphygmogranis and 
in curves of arterial pressure taken by adequate instruments, but 
also and in a most unmistakeable manner in the tracing obtained 
by allowing the blood to spirt directly from an opened smalt 
arter)', such aa the dorsalis pedis, upon a recording surface. 

Ijess constant and conspicuous than the dicrotic wave, hut yet 
appearing in most sphygmograms, is an elevation which appi>ars 
higher up on the descending limb of the main wave ; it ie marked 
B in Fig. 64, and on several of the other curves, and is frequently 
called the predicrotie wave ; it may become very prominent Some- 
times other secondary waves, often called ' post-di erotic,' are seen 
following the dicrotic wave, as at D in Fig. lU, and some other 
curves; but these are not often present, and usually even when 
present inconspicuous. 

When tracings are taken from several arteries, or from the same 
artery under different conditions of the body, these secondary 
waves are found to vary very considerably, giving riae to many 
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^^m characteristic forma of pulse-curve. Were we able with certainty 

^^1 to trace back the several features of the curves to their respective 

^^1 causes, an adequate examiuatioD of sphygmographic tracings 

^H would undoubtedly disclose much valuable information concerning 

^^M the condition of the body presenting them. The problems, how- 

^H ever, of the origin of these secondary waves and of their variations i 

^H are complex aud difficult; so much so that the detailed interpre- 

^1 tation of a sphygmographic tracing is still in mauy casee and in 

^H many respects very uncertain. 

^H § 146. The Dicrotic Wave. The chief interest attaches to 

^H the nature and meaning of the dicrotic wave. In general the 

^H main conditions favouring the dicrotic wave are (1) a highly 

^H extensible and elastic arterial wall ; (2) a comparatively low mean 

^H pressure, leaving the extensible and elastic reaction of the arterial 

^f wall free scope to act ; and (3) a vigorous and rapid stroke of the 

ventricle, discharging into the aorta a considerable quantity of 
blood. 

The origin of this dicrotic wave has been and indeed still is 
much disputed. 

In the first place, observers are not agreed as to the part of 
the arterial system in which it first makes its appearauce. In 
such a system as that of the arteries we have to deal with two 
kinds of waves. There are the waves which are generated at the , 

pump, the heart, and travel thence onwards towards the periphery ; 
the primary pulse-wave due to the discharge of the contents of ' 

the ventricle is of this kind. But there may be other waves 
which, started somewhere in the periphery, travel backwards 
towards the central pump ; such are what are called ' reflected ' 
waves. For instance, when the tube of the artificial model, bear- 
ing two levers, is blocked just beyond the far lever, the primary 
wave is seen to be accompanied by a second wave, which at the 
far lever is seen close to, and often fused into, the primary wave 
(Fig. 60, VI. a'), but at the near lever is at some distance from it 
(Fig. 60, 1, a'), being the farther from it the longer the interval J 

between the lever and the block in the tube. The second wave is 1 

evidently the primary wave reflected at the block and travelling 
backwards towards the pump. It thus, of course, passes the far j 

lever before the near one. And it has been argued that the 
dicrotic wave of the pulse is really such a reflected wave, started 1 

either at the minute arteries and capillaries, or at the several 
points of bifurcation of the arteries, and travelling backwards to 
the aorta. But if this were the case the distance between the 
primary crest and the dicrotic crest ought to be less in arteries 
more distant from, than in those nearer to the heart, just as iu 
the artificial scheme the reflected wave is fused with a primary 
wave near the block (Fig. 60, VI. 6 a. a'), but becomes more and 
more separated from it the farther back towards the pump we trace J 

I', it (Fig. 60, I. 1. a. o*). Now this is not the case with the dicrotic I 
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ware. Careful meaaurements shew that the distance between 
the primary and dicrotic crests is either the same or certainly not 
less in the smaller or more distant arteries than in the larger or 
nearer ones This feature indeed proves that the dicrotic wave 
cannot be due to reflection at the periphery or, indeed, in any way 
a retrograde wave. Besides, the multitudinous peripheral division 
would probably render one lai^e, peripherically rellected wave im- 
possible. Again, the more rapidly the primary wave is obliU-rated 
or at least diminished on its way to the periphery, the less 
conspicuous should be the dicrotic wave. Hence, increased 
extensibility and increased elastic reaction of the arterial walls 
which tend to use up rapidly the primary wave, should also lessen 
the dicrotic wave. But, as a matter of fact, these conditions, as we 
have said, are favourable to the prominence of the dicrotic wave. 

We may conclude, then, that the dicrotic wave, like the primary 
wave, begins at the heart and travels thence towards the periph- 
ery. But eveu if this be admitted, jibservers are not agreed as 
to the mechanism of its production, As we stated (§ 134) there 
seemed to be evidence that the ventricle discharged its contents 
so rapidly that during the latter part of the systole it remained 
contracted though empty. In accordance with this view, the 
following explanation of the development of the dicrotic wave has 
been given. 

When a rapid flow of fluid through a tube is suddenly stopped, 
a negative pressure makes its appearance behind the column of 
fluid; owing to its momentum the fluid tends to move onward, 
though there is now no following fluid to take its place The 
sudden cessation of the flow from the ventricle, due to the ventricle 
being suddenly emptied, must, it is argued, lead to a similar 
negative pressure; and, indeed, as we have said, the negative 
pressure which may be observed in the ventricle has, by some, 
been referred to this cause. In a rigid tube such a negative 
pressure simply leads to a reflux of fluid; when the tap of a 
running water supply is suddenly turned off, the click which is 
heard is caused by the fluid being thus brought back against the 
tap. In a thin, collapsible tube, again, such a negative pressure 
simply leads to a collapse of the tube near the tap But in an 
elastic tube, like the aorta, the effects of snch a negative pressure 
are complicated by those of the clastic action and the im-rtia of 
the walls of the tube. Upon the sudden cessation of the flow 
from the ventricle, the expansion of the aorta ceases, the vessel 
begins to shrink. This shrinVing is in part due to the elastic 
reaction of the walls of the aorta, but is incrensed by the 
"suction" action of the negative pressure. In thus shrinking, 
however, under these combined causes, the aorta, through the 
inertia of its walls, and of the contained blood is carried too far, 
it shrinks too much, and in consequence, the negative pressore 
moreover having by this time passed away, begins to expand again. 
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But this secondary expansion in turn gives place in a similar 
manner to another shrinking, and indeed may, in a similar manner, 
be followed by still other oscillations. And, though the predi- 
crotic wave, when it occurs, presents difficulties which we cannot 
now discuss, the dicrotic wave may on this view be regarded as 
the main secondary expansion so originating. 

As we urged, however, in § 134, the arguments which led to the 
view that the ventricle, in a normal beat, discharges the whole of 
its contents before it has finished its contraction do not appear to 
be valid. We saw reason to think that the flow from the ventricle 
into the aorta ceases because the contraction of the ventricle 
ceases, and not because there is no more blood to be discharged. 
Hence, there is no need to appeal to a suddenly developed 
negative pressure, such as that upon which the foregoing 
explanation is based, and that explanation in consequence falls to 
the ground. 

On the other hand, the simultaneous cur\'es of endocardiac and 
aortic pressure (Fig. 55 and others) shew us that the end of the sys- 
tole is, in a normal beat, coincident with the dicrotic notch, as it is 
called, with the depression immediately preceding the dicrotic wave. 
The curve of the dififerential manometer further shews us that this 
is the point at which the pressure in the ventricle begins to become 
less than in the aorta. We may, therefore, adopt the following 
explanation of the dicrotic wave. The flow from the ventricle 
into the aorta ceases because the systole ceases; the cessation 
takes place while the two cavities are still open to each other, 
and probably, in most cases at least, while there is still more or 
less blood in the ventricle. The pressure in the ventricle tends 
to become less than that in the aorta, and the blood in the aorta 
tends to flow back into the ventricle. But the first effect of this 
is to close firmly the semilunar valves. The expansion of the 
aorta (which in many cases had been lessening even during the 
systole, owing to the flow through the periphery of the arterial 
system being more rapid than the flow from the ventricle, but in 
some cases, in the anacrotic instances, had not) lessens with the 
cessation of the flow ; the aorta shrinks, pressing upon its con- 
tents. But part of this pressure is spent on *the closed semilunar 
valves, and the resistance offered by these starts a new wave of 
expansion, the dicrotic wave, which travels thence onwards 
towards the periphery in the wake of the primary wave. If we 
admit that the blood is flowing from the ventricle during the 
whole of the systole, we must also admit that the semilunar valves 
do not close until the end of the systole, and this being, as shewn 
by the curves, just antecedent to the dicrotic wave, we may 
attribute this wave to the rebound from the closed valves. It is 
not necessary that the valves should act perfectly, and the dicrotic 
wave may occur in cases where the valves are more or less 
incompetent ; all that is required for its production is an adequate 
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obstacle to the return of blood from the aorta to the ventricle, 
and without such ao obstacle the circulation could not be carried 
on. 

§ 147. Moreover, it must be remembered that though we may 
thus regard the closed valves as so to speak the determining cause 
of the dicrotic wave, the wave itself is an oscillation of the arterial 
walls, and the remarks made a little while back coucoming the 
inertia of the walls hold good for this explanation also. Hence 
the conditions which determine the prominence or otherwise of 
the dicrotic wave, are conditions relating to the elasticity of the 
art*^rial walls, and to the circumstanceB which call that elasticity 
into play, for instance, the dicrotic wave is less marked in rigid 
arteries (such as those of old people) than in healthy elastic ones ; 
the rigid wall neither expands so readily nor shrinks so readily, 
and hence does not so readily give rise to secondary waves. Again, 
the dicrotic wave is, other things being equal, mure marked when 
the mean arterial pressure is low than when it is high ; indeed, it 
may be induced when absent, or increased when slightly marked, 
by [ilminishing, in one way or another, the mean pressure. Now 
when the pressuri; is high, tiic arteries are kept continually much 
expanded, and are therefore the less cajwible of further expansion, 
tliat is to say, are, so far, more rigid. Hence the additional 
expansion due to the systole is not very great; there is a less 
tendt^ncy for the arterial walls to swing backwards and forwards, 
so to apeak, and hence a less tendency to the development of 
secondary waves. When the mean pressure is low, the opposite 
state of things exists ; supposing, of course, that the ventricular 
stroke is adequately vigorous (the low pressure being due, not to a 
diminished cardiac stroke, hut to diminished peripheral resistance), 
the relatively empty hut highly distensible artery is rapidly 
expanded, and, falling rapidly back, enters upon a secondary 
(dicrotic) expansion, and may even exhibit a third. 

Moreover, the same principles may be applied to explain why 
sometimes dicrotism will appear marked in a particular artery 
while it remains little marked in the rest of the system. In 
experimenting with an artificial tubing such as the arterial model, 
the physical characters of which remain the same throughout, 
both the primary and the secondary waves retain the same 
characters as they travel along the tubing, save only that both 
gradually diminish towards the periphery ; and in the natural 
circulation, when tlie vascular conditions are fairly nniform 
throughout, the pulsfvcurve, as a rule, poaeesses the same general 
characters throughout, save that it is gradually ' dam|>ed off.' 
But suppose we were to substitute for the first section of the 
tubing a piece of jierfectly rigid tubing ; this at the stroke of the 
pump, on account of its being rigid, would shew neither primary 
nor secondary expansion, biit the expanding force of the pump's 
stroke would be transmitted through it to the second, clastic 
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section, and here the primary and secoudary waves would at ouce 
becoint: evident This is an L-xtreme case, but the same thin); 
would be seen to a less degree in passing fiooi a niore rigid, lluii 
is, less extensible and elastic section, to a less rigid, more exten- 
sible and elastic section; the primary and secondary e.x[)ansions, 
in spite of the general dampiug efl'ect, would suddenly incieuse. 
Similarly in the living body a pulse-curve which 60 lung as it is 
travelling along arteries in which the mean pressure is high. nnU 
whifh are therefore practically somewhat rigid, ia not inarki'dl 
dicrotic, may become very markedly dicrotic when it comes to 
particular artery, in which the uiean pressure is low (we shaP 
presently that stirli a case may occur), and the walls of wli 
are therefore for the time being relatively more distensible 
the rest. 

Lastly, we may recall the observation made about § 141 
the curve of expansion of an elastic tube is modified by the pres- 
sure exerted by the lever employed to record it, and that hence, 
in the same artery, and with the same instrument, the size, form, 
and even the special features of the curve vary according to the 
amount of pressure with which the lever is pressed upon tlie 
artery. Accordingly the amount of dicrolism api«irent in a pulse 
may be modified by the pressure exerted by the lever. In Fig. 62, 
for instance, the dicrotic wave ia more evident in the middle than 
in the upper tracing. 

§ 148. Concerning the other secondary waves on the pulse- 
curve, such an that which has lieen called the ' predicrotic ' v.h\l-{S 
on Fig. 64 and on souie of the other pube-curves), it will not be 
desirable to say much here. They have been the occasion of much 
discussion, especially when considered under the view that the ven- 
tricle rapidly emptied itself at the earlier part of the systole. We 
will content ourselves with the following remark. The predicrotic 
and the other secondary waves in ({ueetion are, like tlie dicrotic 
wave, propagated from the heart towards the periphery, they are 
seen in sphygmograms taken from the root of the aorta as well as 
from more peripheral arteries, and some are also seen in the curves 
of ventricular pressure. Some of the features of these secondary 
waves may be due to imperfections in the instrumenta used, to 
inertia and the like, but the main features undoubtedly represent 
events taking place in tlie vascular system itself. When we com- 
pare the curve of pressure in the aorta with that in the ventricle, 
we observe thnt up ^l the dicrotic notch, (in what may be called 
the systolic part of the pulse-curve, the part which correajionda to 
the systole of the ventricle, in contrast to the diastolic part which 
follows and which includes the dicrotic wave), the variations seen 
in the aortic curve, the secondary waves of which we are speakine, 
are exactly reproduced in the ventricular curve. And it has, wi^ 
considerable reason, been urged that both in the aorta (and so uj the 
other arteries) and in the ventricle they are due to events taking 
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place in tlie ventricle, the systole, for instance, uut being equally 
sustniiieil. 

We may further call once to mind the fact to which we have 
already called attention that, while sometimes the curve of ven- 
tricular pressure reaches its maximum at the very beginnmg of 
the systole, declining more or less slowly afterwards, at other times 
the maximum is renched at the end of the systole, the curve of 
pressure being anacrotic ; we may add that the maximum may 
also occur at any intermediate point. Further, and this is the 
matter to which we wish to call attention, the curve of aortic 
pressure follows that of the ventricular pressure, both being kau- 
crotic or anacrotic as the case may be. As we have urged, the 
anacrotic curve is seen when the periphi;ral re^iistance is such that, 
for some time during the systole, the Sow from the aorta towards 
the periphery is slower than the flow from the ventricle into the 
aorta. Such a condition is apt to be met with when the arteries 
are more rigid than normal, and under these circumstances the 
anacrotic characters of the pulse may 1>ecome prominent 

§ Itt Venous Inline. Under certain circumstances the pulse 
may be carried on from the arteries through the capillaries into the 
veins. Thus, as we shall see later on, when the salivary fjland is 
actively secreting, the blood may issue from the gland through the 
veins io a rapid, pulsating stream. The uervous events which give 
rise to the secretion of saliva, lead at the same time, by the agency 
of vaso-motor nerves, of which we shall presently speak, to a widen- 
ing of the small arteries of the gland. Wlien the gland is at rest, 
the minute arteries are, as we shall see, somewhat constricted and 
narrowed, and thus contribute largely to the peripheral resistance 
in the part; this peripheral resistance throws into action the 
elastic properties of the small arteries leading to the gland, and 
the remnant of the pulse reaching these arteries is, as we before 
explained, finally destroyed. When the minute arteries are dilated, 
their widened chaimels allow the blood to flow more easily through 
them and with less friction ; the peripheral resistance which they 
normally offer is thus lessened In consequence of this, the elasti- 
city of the walls of the small arteries is brought into play to a 
less extent than before, and these small arteries cease to do their 
share iu destroying the pulse which comes down to them from the 
larger arteries. As in the case of the artificial model, where the 
' peripheral ' tubing is kept open, not enough elasticity is brought 
into play to convert the intermittent arterial flow into a con- 
tinuous one, and the pulse which reaches the arleries of the gland 
passes on through them and through the capillarie-s, and is con- 
tinued on into the veins. A similar venous pube is also some- 
times seen in other organs. 

Careful tracings of the great veins in the neighbourhood of the 
heart shew elevations and depressions, which appear due to the 
variations of endocardiac pressure, and which may perhaps be 
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spoken of as constituting a ' venous pulse/ though they have 
a quite different origin from the venous pulse just described 
in the salivary gland. In such a pulse it is the depression of 
the wave, not the elevation, which corresponds to the systole 
of the ventricle, the pulse-wave is the negative of the arterial 
pulse-wave ; the matter, however, needs further study. In ca^es 
again of insufficiency of the tricuspid valves, the systole of the 
ventricle makes itself distinctly felt in the great veins ; and an 
expansion travelling backwards from the heart becomes very 
visible in the veins of the neck. This, in which the elevation of 
the wave like that of the arterial pulse-wave corresponds to the 
ventricular systole, is also spoken of as a venous pulse. 

Variations of pressure in the great veins due to the respiratory 
movements are also sometimes spoken of as a venous pulse ; the 
nature of these variations will be explained in treating of respi- 
ration. 
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I 150. So far tbe facts with which we have had to deal, with 
the exception of the heart's beat itself, have been simply physical 
facts. All the essential phenomena which we have studied may 
be reproduced on a dead model Such an unvarying mechanical 
vascular system would, however, be useless to u living body whose 
actions were at all complicated. The prominent feature of a living 
mechanism is the power of adapting itself to changes in its in- 
ternal and external circumstances. lu such a system as we have 
sketched above there would be but scanty power of adaptation. 
The well-constructed machine might work with beautiful regu- 
larity ; but its regularity would be its destruction. The same 
quantity of blood would always flow in tbe same steady stream 
through each and every tissue and organ, irrespective of local and 
general wants. The brain aud the stomach, whether at work and 
needing much, or at rest and needing little, would receive their 
ration of blood, allotted with a pernicious monotony. Just the 
same amount of blood would pass through the skin on the hottest 
aa on the coldest day. The canon of the life of every part for the 
whole period of its existence would be furnished by the inboni 
diameter of its blood vessels, and by the unvarjing motive power 
of the heart. 

Such a rigid system, however, does not exist in actual living 
beings. The vascular mechanism in all animals in which it is 
present is capable of local and general modifications, adapting it 
to local and general changes of circumstance. These modifications 
fall into two great classes : 

I. Changes in the heart's beat These, being central, have, of 
course, a general efTect ; they iutluence or may influence tbe whole 
body. 
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2. Changes in the peripheral resistance, due to Tariations in 
the calibre of the minute arteries, brought about bj the agencv of 
their contractile mnscular coat& These changes may be either 
local, affecting a particular vascular area onlr, or general, a£Fecting 
all or nearlr aU the blood vessels of the body. 

These two classes of events are chietiv ^vemed bv the 
nervous system. It is bv means of the nervous system that the 
heart's beat and the calibre of the minute arteries are brought 
into relation with each other, and with almost every part of the 
body. It is by means of the nervous system acting either on the 
heart, or on the small arteries, or on both, that a change of 
circumstances affecting either the whole or a part of the body is 
met by compensating or regulative changes in the flow of blood. 
It is by means of the nervous system that the tide of blood 
through the skin rises and ebbs with the rise and fall of the 
temperature of the air, that the work of the heart is tempered 
to meet the strain of overfull arteries, and that the arterial 
gates open and shut as the force of the central pump waxes 
and wanes. And though, as we shall see, it is not clear that the 
central nervous system always intervenes in order that an organ 
may have a more full supply of blood when at work than when 
at rest, it undoubtedly does so in some cases. The study of these 
changes becomes, therefore, to a large extent a study of nervous 
actions 

The circulation may also be modified by events not belonging 
to either of the above two classes. Thus, in this or that peripheral 
area, changes in the capillary walls and the walls of the minute 
arteries and veins may lead to an increase of the tendency of the 
blood corpuscles to adhere to the vascular walls, and so, quite 
apart from any change in the calibre of the blood vessels, may 
lead to increase of tlie peripheral resistance. This is seen in an 
extreme case in inflammation, but may possibly intervene to a less 
extent in the ordinary condition of the circulation, and may also 
be under the influence of the nervous system. Further, any 
decided change in the quantity of blood actually in circulation 
must also influence the working of the vascular mechanism. But 
both these changes are unimportant compared with the other two 
kinds of changes. Hence, tlie two most important problems for 
us to study are, 1, how the nervous system regulates the beat of 
the heart, and 2, how tlie nervous system regulates the calibre of 
the blood vessels. We will first consider the former problem. 

The Histology of the Heart 

§ 151. It will be necessary now to take up certain points 
concHjriiing the minute structure of the heart, which we had 
previously postponed ; and since much of our knowledge of the 
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nervous inechaiiiain of tlie beat of the heart is derived from ex- 
perimenls on the hearts o( cold blooded animals, more particularly 
of the frog, it will he desirable to cuusider these as well as the 
mammalian heart 

Cardiac Muscular Ti*»ue. The ventricle of the frog's heart is 
composed of minute, spindle-shaped tibres or tibre cells, each 
containing a nucleus in its ulddlu, and tapering to a point at each 
end , sometimes, however, the end is forked or even branched. 
These fibres or fibre cells, in fact, resemble plain muscular fibres 
save that they are somewhat larger and that their substance is 
striated. The striation is due, like the striation of a skeletal 
muscle fibre, to alternate dim and bright bands, but is rarely so 
distinct as in a skeletal fibre; it is very apt to be obscured by 
the presence of dispersed discrete granules, which, in many cases, 
at all events, are of a fatty nature. Like the plain muscular 
fibre, the cardiac muscular fibre has no distinct sarcolemma. 

A number of these libres are joined by cement substance into 
small bundles, and these bundles are, by help of connective tissue 
which carries no blood vessels, woven into an intricate network or 
sponge work, which forms the greater part of the wall of the 
ventricle. Immediately under the pericardial coating, consisting 
of a layer of epithelioid plates resting on a connective tissue 
basis, the muscular tissue forms a thin, continuous sheet, but 
within this it spreads out into a sponge work, the meshes of which 
present a labyrinth of passages continuous with the cavity of the 
ventricle. The bars of this sponge work, varying in thickness 
and, though apparently irregular, arranged on a definite system, 
consist of bundles of muscular fibres united by connective tissue, 
and are coated with the same endocardial membrane (Hat epithelioid 
plates resting on a connective tissue basis) that lines the cavity of 
the ventricle, and, indeed, the whole interior of the heart. The 
cavity of the ventricle, in other words, opens out into & labyrinth 
of passages reaching nearly to the surface of the ventricle. When 
the ventricle is relaxed, blood fiows freely into and fills this 
labyrinth, bathing the bars of the sponge work, which, in the 
absence of capillaries, depend on this blood for their nourish- 
ment. When the ventricle contracts, the blood is driven out of 
this labyrinth as well as out of the central cavity. Hence the 
ventricle when dilated and full of blood is of a deep red colour, 
when contracted and empty is extremely pale, having little more 
than the colour of the muscular fibres themselves, which, like 
striated fibres, possess in their own substance a certain amount of 
btemoglobin or of myohiematin. 

The much thinner walls of the auricle consist of a much thinner 
network of similar fibres, united by a relatively larger quantity of 
connective tissue into a thin sheet, with the pericardial mem- 
brane on the outside and the endocardial membrane on the inside. 
The fibres have in the anricle a much greater tendency to be 
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branched, and many, ceasing to be spindle-sbaped, become almost 
stellate. Among the obscurely striated, but still striated tibres, aie 
found ordinary, plain muscular fibres, which increase in relative 
number along the roots of the veins, veute cava; and pulmottftl«a, 
until at some little distance from the heart plain muscular libres 
only are found. Blood vessels are absent from the vralls of the 
auricles also. 

In the bulhus arteriosus, mixed up with much connective 
and elastic tissue, are found fusiform tibres which close to the 
ventricle are striated and form a thick layer, but at a certain 
distance from the ventricle lose their striation, or rather become 
mixed with plain muscular fibres, and form a thinner layer. 

§ 162. In the mammal, both the ventricles and the auricles 
are formed of bundles of muscular tissue, bouud together by con- 
nective tissue, and arranged more especially in the ventricles in 
a very complex system of sheets or bands disposed as spirals, and 
in other ways, the details of which need not detain us. lu the 
auricular appendices, and elsewhere, the bundles form irregular 
networks projecting into the cavities. 

The connective tissue binding the muscular fibres together, 
unlike the corresponding connective tissue in the frog's heart, is 
welt supplied with blood vessels belonging to the coronary system. 
This connective tissue forms on the inner surface of the cavities a 
continuous sheet, the connective tissue basis of the flat epithelioid 
cells of the endocardium, and on the outside of the heart the 
visceral layer of the pericardium. 

The histological unit of those muscular bundles is neither a 
fibre nor a fusiform fibre cell, but a more or less columnar or 
prismatic nucleated cell generally provided with one or more 
short broad processes. The nucleus, which is oval and in general 
resembles one of the nuclei of a striated fibre, is placed at about 
the middle of the cell with its long axis in the line of the long 
diameter of the cell. The cell-body, which is not bounded by any 
definite sarcolemma, is striated, though obscurely so, across the 
long diameter of the cell, the striations as in a skeletal muscle 
fibre being due to the alternation of dim and bright hands, As in 
the frog's heart granules are frequently abundant, obscuring the 
striation, which, indeed, even in the absence of granules is never so 
distinct as in the fibres of skeletal muscles. Such a cell is at each 
end joined by cement substance to similar cells, and a row of such 
cells constitutes a cnriUnc elementary fibre. Hence a cardiac fibre 
is a fibre striated, but without snrcolemma, and divided by parti- 
tions of cement substance into somewhat elongated divisions or 
cells, each containing a nucleus. Many of the cells in a fibre have 
a short, broad, lateral process. Such a process is united by cement 
substance to a similar process of a cell belonging to an adjoining 
fibre ; and by the union of a number of these processes, a number 
of fibres lying side by side are formed into a somewhat close 
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network. Each bundle of the cardinc muscular tissue is thus 
itself a ui'twork. These bundles are further woveu into networks 
by connective tissue in which run capillariee and larger blood 
vessels ; and sheets or bundlus composed of such networks are 
arranged, as we have said, iu a complex manner both in the 
auricle and ventricle Hence, the muscular substance of the 
mammalian heart is, at bottom, an exceedingly complex network, 
the element of which is a somewhat branched nucleated striated 
cell. It may be remarked that the ' mosculi pectinati ' of the 
auricle and the 'eolumnie carneie' of the ventricle suggest the 
origin of the mammnllan heart from a muscular labyrinth like that 
of the frog's ventricle. 

At the commencement of the grent arteries this peculiar 
canliac muscular tissue ceases abruptly, being replaced by the 
ordinary structures of an artery, but the striated muscular fibrea 
of the auricle may be traced for some distance along both the 
venie cavie and venie pulmonales. 

Under the endocardium are freifuently present ordinary plain 
muscular hbres, and in some eases peculiar cells are found in this 
situation, the cells of Purkinj^, which are interesting morpho- 
logically, because the inner part of the cell round the nucleus is 
unstriated, undifTerential^d material while the outside is striated 
substance. Plain muscular fibres are said also to spread from the 
endocardium for a certain distance into the auriculo- ventricular 
valves. 

§ 153. The Ntrtes of the Heart. The distribution of nerves 
in the heart varies a good deal in different vertebrate animals, but 
nevertheless a general plan may be more or less distinctly 
recognised. The vertebrate heart may be regarded as a muscular 
tulie (a single tube, if tor the moment we disregard the complexity 
of a double circulation occurring in the higher animals) divided 
into a series of chambers, sinus venosus (or junction of great 
veins), auricle, ventricle and bulbus (or conns) arteriosus. The 
nerves as a rule enter the heart at the venous end of this tube, at 
the sinua venosus, and pass on towards the arterial end, diminish- 
ing iu amount as they proceed, and disappearing at the aorta. 
Connected with the nerve fibres thus passing to the heart are 
groups, smaller or greater, of nerve cells. These, like the nerve 
fibres, are most abundant at the venous end (appearing on the 
nerve branches before these actually reach the heart), as a rule 
become fewer towards the arterial end, and finally disappear, so 
that {according to most observers) at the bulbus (conns) arteriosus 
they are entirely absent. 

These collections of nerve cells or ganglia may be arranged in 
groups according to their position. In many lower vertebrates 
there is a distinct ring or collar of ganglia at the junction of the 
siaus venosus with the auricle, where the primitive circular 
dispontton of muscalar fibres is maintained ; and there u a 
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similar ganglionic collar at the junction of the auricle with the 
ventricle, where also there is similarly retained a circular dis- 
position of the muscular fibres forming the so-calleil canalts auri- 
cularis. And, indeed, in all vertebrates two similar colleetioos of 
ganglia are more or less distinctly present. There are ganglia 
at the junction of the sinus with the auricle and along the 
entering nerve branches; these may be called the sinus ganglia. 
There are other ganglia at the junction of the auricle and ven- 
tricle ; these may he called the auriculo-ventricular ganglia. 
Besides these two groups there are also ganglia over the auricle 
in connection with nerves passing from the sinus to the ventricle. 

Lastly, as a. general rule the main nerve branches and the 
ganglia are not plunged deep in the substance of the heart, but 
are placed superficially, immediately under the pericardial layer. 
From the cells and nerves so situated finer branches and fibres 
pass to the substance of the heart. 

Bearing this general plan in mind we may now turn to the 
special arrangements which obtain in the frog and in the 
mammal. 

In the Frog. The only nerves going to the heart are the two 
vagus nerves, right and left, which may be seen running along the 
two superior vente cavse, hut become lost to view at the sinus where 
they pass from the surface to deeper parts. Each vagus is not. 
however, simply a vagus nerve, but, as we shall see, contains fibres 
derived from the sympathetic system. As the nerves approach 
the sinus, groups of nerve cells become abundant in connection 
with the fibres, and as the fibres spread out at the sinus many 
ganglia are scattered among them, forming what is called as a 
whole the sinus ganglion or the ganglion of Semak. 

From the sinus the two vagus nerves, leaving their position 
under the pericardium, plunge into the heart and run along the 
septum between the auricles, on the left side of the septum, one, 
the anterior nerve, passing nearer the front of the heart than the 
other, the posterior. Several groups of cells, or small ganglia, 
are connected with the two ' septal ' nerves thus passing along the 
septum. 

The nerves, reaching the aurieuln-ventricnlar ring on the an- 
terior side of the heart, end in two ganglia lying at the base of the 
two large auriculo-ventricular valves. 

From these two ganglia. Bidder's ganglia or the auriculo- 
ventricular ganglia, nerve fibres pass into the substance of the 
ventricle. Nerve cells may be traced on the fibres going to the 
ventricle for some little distance, but for a little distance only; 
over the greater part of the ventricle, the lower two-thirds for 
instance, the nerve fibres are tree from nerve cells. 

Thus in the frog there are two main ganglia, sinus or Remak's 
ganglion, auriculo-ventricular or Bidder's ganglia. From the 
rnmier there pass on the one hand scattered fibres, in connection 
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with which are small groups of cells, to the auricular walls, and to 
the siuus walls, and on the other hand the two main nerves 
running along the septum, in connection with which are small 
ganglia, which may be called ' septal ' ganglia. From the latter. 
Bidder's ganglia, libres unnccompanicd except for a short distance 
by nerve cells, jmiss to the substance of the ventricle, and possibly 
to the bulbua Brtt'riosus. 

The fibres forming the vagus nerves as they run along the 
superior veme cavie are composed of medullated and nou-medul- 
lated fibres, the latter being chiefly if not wholly derived from the 
sympathetic system. Many of the medullated libres lose their 
medulla in Remak's ganglion, for non-meduUated fibres are found 
in much larger proportion in the septal nerves, running to 
Bidder's ganglia ; the fine fibres which pass from Bidder's ganglia 
to the substance of the ventricle are exclusively non-medulluted 
fibres. The nerve cells in the sinus ganglia and along the ends of 
the vagus nerves, as well as some of the cells of the ganglia 
scattered over the septum, are of the kind previously (§ 98) 
described as spiral cells. The cells composing Bidder's ganglia, 
as well as many of the cells in the septum, are said to be bipolar 
and fusiform. 

In the mammal, the nerves going to the heart are derived on 
the one hand from life vagus and on the other hand from the 
sympathetic chain. Thus in man the upper, middle and lower 
cervical ganglia (or the cord between them) give off the upper 
lower and middle sympathetic cardiac nerves respectively, while 
the trunk of the vagus gives off cervical cardiac branches in the 
neck and thoracic branches in the thorax ; the recurrent laryngeal 
also gives off branches especially on the left side, and there is as 
well a cardiac branch of the external division of the superior 
laryngeal. The nerves from these two sources, vagal and sym- 
pathetic, form near the roots of the aorta and pulmonary artery, 
the cardiac plexuses, superficial and deep, the two sources 
mingling largely here and also, to a certain extent, before the 
plexuses are reached. From the plexuses fibres are given off to all 
parts of the heart, veniecavie, pulmonary veins, auricles and ventri- 
cles, a large number of the fibres destined for the latter forming 
the coronary plexuses around the coronary arteries; some of the 
fibres pass to the walls of the aortA and pulmonary artery. In 
other mammals we find the same double supply reaching the 
heart by means of the cardiac plexuses, the details differing in 
dilTereut animals ; we shall give, later on, some details concerning 
the dog, since much of our knowledge of the nervous working 
of the mammalian heart has been gained by experiments on this 
animal. Ganglia are abundant on the superior vena cava and are 
also found on the pulmonary veins, in the walls of the auricles, 
in the auriculo-ventricular groove and in the basal portion of 
the ventricles ; further, acconling to some observers, in contrast to 
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the frog's heart, a number of small ganglia may be observed over 
a large part of the ventricle far down towards the apex. The 
auricular septum, at least in its central parts, is said to be free 
from ganglia. The nerves and ganglia lie for the most part 
superficial immediately under the pericardium. 

The fibres passing to the heart are, as in the frog, both 
medullated and uon-medullated Some of the meduUated fibres 
are of fine calibre, may be traced back to the vagus, and appear to 
be fibres of which we shall speak presently as inhibitory. Others 
of the medullated fibres are of larger calibre, and some of these, at 
all events, appear to be sensory or at least aiferent in function. 
Of the non-medullated fibres, some may be traced back along the 
cardiac nerves to the sympathetic system ; of these some again 
are of the kind we shall speak of as augmenting. Though, as in 
the frog, the proportion of non-medullated to medullated fibres 
increases peripherally, yet in contrast to the frog many of the 
fibres in the ventricle (where they lie close under the peri- 
cardium), are medullated ; it is probable that these are afferent 
fibres. 

The cells forming the various ganglia scattered over the 
mammalian heart may perhaps be classed as unipolar, and 
multipolar, the former being especially connected with medullated 
fibres, the one class being prominent in one situation, the other in 
another. 



The Development of the Normal Beat, 

§ 164. The heart of a mammal oi of a warm blooded animal 
generally ceases to beat within a few minutes after being removed 
from the body in the ordinary way, the hearts of newly-born 
animals continuing, however, to beat for a longer time than those 
of adults. Hence, though by special precautions and by means of 
an artificial circulation of blood, an isolated mammalian heart may 
be preserved in a pulsating condition for a much longer time, our 
knowledge of the exact nature and of the causes of the cardiac 
beat is as yet very largely based on the study of the hearts of 
cold blooded animals, which will continue to beat for hours, or, 
under favourable circumstances even for days, after they have 
been removed from the body with only ordinary care. We have 
reason to think that the mechanism by which the beat is carried 
on varies in some of its secondary features in different kinds of 
animals: that the hearts, for instance, of the eel, the snake, the 
tortoise and the frog, differ in some minor details of behaviour, 
both from each other and from those of the bird and of the mammal ; 
but we may, at first at all events, take the heart of the frog as 
illustrating the main and important truths concerning the causes 
and mechanism of the beat. 
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In studying closely the plienomena of tlie beat of t)ie heart it becomes 
necoasary to obtain a grapbii! record of the various nioveniBiits. 

1. In the frog, or other cold blooded unimul, h Hfjhl lever may be 
placed directly ou thp veutriole (or on an auricle, Ac), and cbangus of 
form, due either to distension by the influx of blooil, or to the systok, 
will cnuse tnoveraeuts of tliu lever, which may be recorded on a travel- 
ling surface. The Rama method as wu have seen may be applied to the 
maainialian heart. 

2. Or, ns in Gaskell's melhod, the heart may |je fixed by a clamp 
carefully odjustud round the a uric u I o- ventricular groove, while the apex 
of the ventricle and some portion of one auricle are attached by thrends 
to horizontal levers, phiceil respectively above and Iwlow the heart. 
The auricle and the ventricle each in its systole pulls at the lever 
attached to it ; and the times and extent of the coutractioni> may thus 
be reconleil. Or the thread may be attached to the apex of the ven- 
tricle only, the heart being fixed by the oortA or left in poeition in the 
body. 

3. A reconl of endo-cardiao pressure may be taken in the frog or 
tortoise, as in the mammal, by means of an appropriate manometer. 
And in these animaU, at all events, it ia easy to keep np an artificial 
circulation. A canuiila is introduced into the sinus venosus, and another 
into the ventricle throujjh the aorta. Serum or dilutu blood (or any 
other Said which it may bo desired to employ) is driven by moderate 
pressure through the former ; to the latter is attached a tube connfxted 
by menus of a side piece with a small mercury or other manometer. So 
long as the exit-tube is open at the end, fluid flows freely through the 
heart »nd apparatus. Upon closing the exit-tube at its far end, the 
force of the ventricular systole is brought to boar on the manometer, 
the index of which registers in the usual way. Newell Martin has 
succeeded in applying a modification of this method to 

the mammalian heart. 

4. The movements of the ventricle may be regis- 
tered by introducing into it, through the auriculo- 
ventricuUr orifice, a so-called ' perfusion ' cannula, Figs. 
67 and 68 I., with a double tube, one inside the other, 
and tying the ventricle on to the cannula at ttie 
suriculo-ventricutar groove, or at any level below that 
which may be desired. The blood or other fluid is 
driven at an adequate pressure through the tube a, 
anlers the ventricle, and returns by the tube b. It b 
be connected with a manometer, na in metboil 3, the 
movements of the ventricle may be registered. 

5. In the apparatus of Roy. Fig. 68 11.. the exit- 
tube IB (roe, but the ventricle (the same method may be adopl'-d for the 
whole heart) is placol in an air-tight chamber, filled with oil, or partly 
with normal saline solution and partly with oil. By means of the tube 
h the interior of the cbambi^r o is continuous with that of a sinatl cylinder 
c, in which a piston d, secured by thin, flexible, aniniol membrane, worlu 
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up and down. The piston again bears on a lever e by means of which 
its movements may be registered. When the ventricle contracts, and 
by contracting diminishes in volume, there is a lessening of pressure in 
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FlO. 68. PUBELT DIAGRAMMATIC FIGURES OF 

I. PerfasioD cannula tied into frog's ventricle, a, entrance, 6, exit-tube ; a, wall 
of ventricle ; /9, ligature. 

IL Roy's apparatus modified by Gaskell. a, chamber filled with saline solutioD 
and oil, containing the ventricle a tied on to the profusion cannulayi 6, tube leading 
to cylinder c, in Tvbicb moves piston (/, working tne lever e. 

the interior of the chamber ; this is transmitted to the cylinder, and 
the piston correspondingly rises, carrying with it t^je lever. As the 
ventricle subsequently becomes distended, the pressure in the chamber 
is increased, and the piston and lever sink. In this way variations in 
the volume of the ventricle may be recorded, without any great inter- 
ference with the flow of blood or fluid through it. 

The heart of the frog, as we have just said, will continue to 
beat for hours after removal from the body, even though the cavi- 
ties have been cleared of blood, and, indeed, when they are almost 
empty of all fluid. The beats thus carried out are in all import- 
ant respects identical with the beats executed by the heart in its 
normal condition within the living body. Hence we may infer 
that the beat of the heart is an automatic action : the muscular 
contractions which constitute the beat are due to causes which 
arise spontaneously in the heart itself. 

In the frog's heart, as in that of the mammal, 8 126, there is a 
distinct sequence of events which is the same whether the heart be 
removed from, or be still in its normal condition within the body. 
First comes the beat of the sinus venosus, preceded by a more or 
less peristaltic contraction of the large veins leading into it ; next 
follows the sharp beat of the two auricles together ; then comes the 
longer beat of the ventricle ; and lastly the cycle is completed by the 
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beat of the bulbus arteriosus, which does uot, like the mammaliaD 
aorta, simply recoil by elastic reaction after disteiisioa by the 
ventricular stroke, but carries out a distinct muscular coatraction 
passing in a wave from the ventricle outwards. 

When the heart in dying ceaaes to beat, the several movements 
cease, as a rule, iu an order the inverse of the above. Ouiittiug 
the bulbus arteriosus, which sometimes exhibits great rhythmical 
power, we may say that first the ventricle fails, then the auricles 
fail, and lastly the sinus venosus fails. 

The heart, after it has ceased to beat spontaneously, remains 
for some time irritable, that is, capable of executing a beat, or 
a short series of beats, when stimulated either mechanically, as 
by touching it with a blunt needle, or electrically, by an induction 
shock or in other ways. The arlilicial beat so called forth may 
be in its main features identical with the natural beat, all the 
divisions of the heart taking part in the beat, and the se'[uence of 
events being the same as in the natural beat- Thus, when the 
Binus is pricked, the beat of the sinus may be followed by a beat 
of the auricles and of the ventricle; and even when the ventricle 
is stimulated, the directly following beat of the ventricle may be 
succeeded by a complete beat of the whole heart. 

Under certain circumstances, however, the division directly 
stimulated is the only one to beat ; when the ventricle is pricked, 
for instance, it alone may beat, or when the sinus is pricked it 
alone may beaL The results of stimulation, moreover, may differ 
according to the condition of the heart, and according to the 
particular spot to which the stimulus is applied. 

With an increasing loss of irritability, the response to stimula- 
tion ceases in the several divisions in the same order as that of the 
failure of the' natural beat; the ventricle ceases to respond first, 
then the auricles, and lastly the sinus venosus, which frequently 
responds to stimulation long after the other divisions have ceased 
to make any sign. 

It would appear as if the sinus venosus, auricles, and ventricle 
formed a descending series in respect to their irritability, and to 
the flower they possess of carrying on spontaneous rhythmic beats, 
the sinus being the most potent This is also seen in the following 
experiments. 

In order that the frog's heart may beat after removal from the 
body with the nearest approach in rapidity, regularity, and endur- 
ance to the normal condition, the removal roust be carried out so 
that the excised heart still retains the sinus venosus intact 

When the incision is carried through the auricles so as to leave 
the sinus venosus behind in the body, the result is different The 
sinus venosus beats forcibly and regularly, having suffered hardly 
any interruption from the operation. The excised heart, however, 
remains, in the majority of cases, for some time motionless. 
Stimulated by a prick or an induction shock, it will give pGrhap.t 
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one, two, or several beats, and then comes to rest. In the majuntf 
of cnses, however, the aniiual having previously been in a vigoruus 
coudition, it will, after a while, recommence it€ spontaneoua beat- 
ing, the systole of the ventricle following that of the auricles; 
but the rhythm of beat will not be the same as that of the sinus 
veuosus left in the body : it will be slower, and the beats will not 
continue to go on for so long a time as will those of a heart still 
retaining the sinus venosus. 

When the incision is carried through the auriculo-ventricular 
groove, so as to leave the auricles and sinus venosus within the 
body, and to isolate the ventricle only, the results are similar but 
more marked. The sinus and auricles beat regularly and vigor- 
ously, with their proper sequence, but the ventricle, after a few 
rapid contractions due to the incision acting as a stimulus, generally 
remains for a long time quiescent. When stimulated, however, the 
ventricle will give one, two, or several beats, and after a while, in 
many cases at least, will eventually set up a spontaneous pulsation 
with an independent rhythm ; and this may last for some consider- 
able time, but the beats are not so regular and will not go on for 
Bo long a time as will those of a ventricle to which the auricles 
are still attached. 

If a transverse incision be carried through the ventricle at 
about its upper third, leaving the base of the ventricle still 
attached to the auricles, the portion of the heart left in the body 
will go on pulsating regularly, with the ordinary sequence of 
sinus, auricles, ventricle, but the isolated lower two-thirds of the 
ventricle will not beat spontaneously at all, however long it be 
left Moreover, in response to a single stimulus, such as an in- 
duction shock or a gentle prick, it gives, not as in the case of the 
entire ventricle when stimulated at the base or of the ventricle to 
which the auricles are attached, a series of bents, but a single beat. 

Lastly, to complete the story, we may add that when the heart 
is bisected longitudinally, each half continues to beat spon- 
taneously, with an independent rhythm, so that the beats of the 
two halves are not necessarily synchronous; and this continuance 
of spontaneous pulsations after longitudinal bisection may be seen 
in the conjoined auricles and ventricle, or in the isolated auricles, 
or in the isolated ventricle. Moreover, the sinus or the auricles 
may be divided in many ways and yet many of the segments 
will continue beating ; small pieces even may Ite seen under 
the microscope pulsating, feebly, it is true, but distinctly and 
rhythmiailly. 

In these experiments, then, the various parts of the frog's heart 
also form, as regards the power of spontaneous pulsation, a descend- 
ing series: sinus venosus. auricles, entire ventricle, lower portioD 
of ventricle, the last exhibiting under ordinary circumstances do 
spontaneous pulsations at all. 

§ 155. Now we have seen (| 153) that these parts form. 
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to a certain exteat, a similar descending series as regards the 
presence of ganglia; at least so far tiiat ihe ganglia are very 
numerous in the sinus venosus, that they occur in the auricles, 
and that while Didder's ganglia are present at the junction of 
the ventricle with the auricles, ganglia are wholly absent from 
the rest of the ventricle. Hence, on the assumption (which we 
have already, § 100, seen reason to doubt) that the nerve cells 
of ganglia are similar in general functions to the nerve cells of 
the central nervous system, the view very naturally presents 
itself that the rhythmic, spontaneous beat of the heart of the frog 
is due to the spontaneous generation in the ganglionic nerve cells 
of rhythmic motor impulses, which, passing down to the muscular 
fibres of the seveml parts, causes rhythmic contractions of these 
fibres, the sequence and coordination of the beating of the several 
divisions of the heart being the result of a coordination between 
the several ganglia in regard to the generation of impulses. 
Under this view, the cardiac muscular fibre simply responds to the 
motor impulses reaching it along its motor nerve fibre in the same 
way as the skeletal muscular fibre responds to the motor impulses 
reaching it along its motor nerve fibre; in both coses the muscular 
fibre is, as it were, a passive instrument in the hands of the motor 
nerve, or rather of the nervous centre (ganglion or spinal cord) 
from which the motor nerve proceeds. And the view, thus based 
on the fact of the frog's heart, has been extended to the hearts of 
(vertebrate) animals generally. 

There are reasons, however, which shew that this view is not 
tennble. 

For instance, the lower two-thirds, or lower third, or even the 
mere tip of the frog's ventricle, that is to say, parts which are 
admitted not to contain nerve cells, may, by special means, be 
induced to carry on for a considerable lime a rhythmic beat, which 
in its main features is identical with the spontaneous beat of the 
ventricle of the intact heart. If such a part of the frog's ventricle 
be tied on to the end of a perfusion cannula (Fig. 67), the portion 
of the ventricular cavity belonging to the part may be adequately 
distonded. and the part may at the same time be ' fed ' by making 
a suitable tiuid, such as blood, to flow through the cannula. It will 
then be found that the portion of ventricle so treated will, after a 
preliminary period of (|uiescence, commence to beat, apparently 
spontaneously, and will continue so beating for a long period of 
time. It may be said that in this case the distention of the 
cavity and the supply of blood or other fluid act as a stimulus; 
but if so the stimulus is a continnnns one, or at least not a 
rhythmic one, and yet the beat is most regularly rhythmic. 

Then again, the reluctance of the ventricle to execute spon- 
taneous rhythmic beats is, to a certain extent, peculiar to the frog. 
The ventricle of the tortoise, for instance, the greater part of the 
substance of which is as free from nerve cells as is that of the 
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frog, will beat spontaueously with great ease and for a long time 
when isolated from the auricles. Further, a mere strip of this 
ventricular muscular tissue it kept, gently extended and continually 
moistened with blood or other suitable tluid, will continue to beat 
spontaueously with very great regularity for hours or even days, 
especially if the series be started by the preliminary appUcatioa 
of induction shocks rhythmically rejieated. 

In connection with this question we may call attention to the 
fact that the cardiac muscular fibre is not wholly like the skeletal 
muscular fibre; in many respects the contraction or beat of the 
former is in its very nature different from the contraction of the 
latter; the former cannot be considered, like the latter, a inere 
instrument in the hands of the motor nerve fibre. The features 
of the beat or contraction of cardiac muscle may be studied on 
the isolated and quiescent ventricle, or part of the ventricle of the 
frog. When such a ventricle is stimulated by a single stimulus, 
such as a single induction shock or a single touch with a bluut 
needle, a beat may or may not result. If it follows, it resembles, 
in all its general features at least, a spontaneous beat Between 
the application of the stimulus and the first appearance of any 
contraction is a very long, latent period, varjing according to 
circumstances, but in a vigorous, fresh frog's ventricle being about 
-3 sec. The beat itself lasts a variable but considerable time, 
rising slowly to a maximum and declining slowly again. Of 
course when tlie beat of the whole ventricle is recorded by one 
or other of the methods given in § 154. what the tracing really 
shews is one of the results of the contraction of the cardiac 
fibres, and gives, in an indirect manner only, the extent of the 
contraction of the fibres themselves. We may, however, study in 
a more direct way the contraction of a few fibres by taking a 
slip of the ventricle (and for this purpose the tortoise is preferable 
to the frog) and suspending it to a lever, after the fashion of a 
muscle-nerve preparation. We then get upon stimulation a curve 
of contraction, characterised by a long latent period, a slow, long- 
continued rise, and a slow, long-continued fall, a contraction in 
fact mare like that of plain muscular tissue than of skeletal 
muscular tissue. In the tortoise the contraction is particularly 
long, the contraction of even the skeletal muscles being long in 
that animal; it is less long, hut still long in the frog, shorter 
still, but yet long as compared with that of the skeletal muscles, 
in the mammal. 

The beat of the ventricle, then, ia a single but relatively slow, 
prolonged contraction wave sweeping over the peculiar cardiac 
muscle-cell, passing from cell to cell along the fibre, from fibre to 
fibre along the bundle, and from bundle to bundle over the 
labyrinth of the ventricular walls. 

Like the case of the skeletal muscle, this single contraction 
ia accompanied by an electric change, a current of action. The 
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intact ventricle at rest is, as we have already said (§ 66), isoelectric, 
but each part just as it is enteriog into a state of coutraction 
becomes negative towards the rest Hence wlien the electrodes of 
a galvanometer are placed on two pojiits A, B of the surface 
of the ventricle, a diphasic variation of the galvanometer needle 
is seen when a beat, natural or excited, occurs. Supposing 
that the wave of contraction reaches A tirst, this will become 
negative towards the rest of the ventricle, including B, but when 
the wave souietime aft«rwards reaches B, B will become negative 
towards the rest of the ventricle, including A. Compare § 67. 
Attempts have been made, by carefully observing the exact times 
at which the several parts of the ventricle become negative, to 
determine whether the contraction begins at one part before 
another, at the base for instance before the apex ; hut the results 
as yet obtained are not decisive. 

The beat of the auricles, that o( the sinus venosus and that 
of the bulbus arteriosus, are similar in their main features to that 
of the ventricle, so that the whole beat may be considered to be 
a wave of contraction sweeping through the heart from sinus to 
bulbus; but the arrangement of parts is such that this beat is 
cut up into sections in such a way that the sinus, the auricles, the 
ventricle, and the bulbus have each a beat, so to speak, to themselves. 
In a normal st^ite of things these several parts of the whole beat 
follow each other in the sequence we have described, but under 
abnormal conditions the sequence may be reversed, or one section 
may bent while the others are at rest, or the several sectious may 
beat out of time with each other. 

■So far the description of the contraction which is the founda- 
tion of the beat differs from that of a skeletal muscle in degree 
only ; but now comes an important difference. When we stimulate 
a skeletal muscle with a strong stimulus we get a large contraction, 
when we apply a weak stimulus we get a small coutraction ; within 
certain limits (see § 79) the contraction is proportional to the 
stimulus. This is not the case with the quiescent ventricle or 
heart. When we apply a strong induction-shock we get a beat of 
a certain strength ; if we now apply a weak shock we get either no 
beat at all or quite as strong a beat as with a stronger stimulus. 
That is to say, the magnitude of the beat depends on the condition 
of the ventricle (or heart ) and not on the magnitude of the stimulus. 
If the stimulus can stir the ventricle up to beat at all, the beat is 
the best which the ventricle can at the time accomplish ; the 
stimulus produces either its maximum effect or none at all. It 
would seem as if the stimulus does not priMluee a contraction in 
the same way that it does when it is brought to bear on a skeletal 
muscle, but rather stirs up the heart in such a way as to enable it 
to execute a spontaneous beat which, without the extra stimulus, 
it could not bring about And we have reason to think that the 
normal beat of the heart within the body is the maximum beat of 
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which it is capable at the moment. This feature of the heart 
beat is further illustrated by the fact that when a ventricle is 
beating rhythmically either spontaneously, or as the result of 
rhythmic stimulation, the kind of efi'eet produced by a new 
stimulus thrown in will depend upon the exact phase of the 
cycle of the beat at which it is thrown in. If it is thrown in just 
as a relaxation is taking place, a beat follows prematurely, before 
the next beat would naturally follow, this premature beat being 
obviously produced by the stimulus. But if it be thrown in just 
as a contraction is beginning, no premature beat follows : the ven- 
tricle does not seem to feel the stimulus at all. There is a period 
during which the ventricle is insensible to stimuli, and that how- 
ever strong ; this period is called the ' refractory ' period. (There 
is it may be mentioned a similar refractory period in skeletal 
muscle, but it is of exceedingly short duration). From this it 
results that, when a succession of stimuli repeated at a certain rate 
are sent into the ventricle, the number of beats does not correspond 
to the number of stimuli, some of the stimuli falling in refractory 
periods are iueffective and produce no beat. Hence, also, it is 
difficult if not impossible to produce a real tetanus of the ventricle, 
to fuse a number of beats into one. And there are other facte 
tending to shew that the contraction of a cardiac muscular fibre, 
even when induced by artificial stimulation, is of a peculiar nature, 
and that the analogy with the contraction of a skeletal tnuBCular 
fibre, induced by motor impulses reaching it along its nerve, does 
not hold good. 

These and other considerations, taken together with the facta 
already mentioned that portions of cardiac muscular tissue in 
which no ganglionic cells can even with the best methods be dis- 
covered, may in various animals be induced, either easily or with 
difficulty, to execute rhythmic beats, which have all the appear- 
ance of being spontaneous in nature, lead us to conclude that the 
beat of the heart is not the result of rhythmic impulses proceeding 
from the cells of the ganglia to passive muscular fibres, but is 
mainly the result of changes taking place in the muscular tissue 
itself. And here we may call attention to the peculiarbistological 
features of cardiac muscular tissue; though so far differentiated 
as to be striated, its cellular constitution and its ' protoplasmic ' 
features, including the obscurity of the striation, shew that the 
differentiation is incomplete. Now one attribute of undifferen- 
tiated primordial protoplasm is the power of spontaneous move- 
ment. 

The further questions, by virtue of what internal molecular 
changes the cardiac tissue is thus endued with spontaneous 
rhythmic activity ? why the several parts, sinus, auricle, and 
ventricle, are arranged in descending potency, so that the 
cardiac cycle beginning with the sinus follows the course it does ; 
why the contraction wave beginning at the sinus is broken op 
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into Biiius beat, auricle bent, ventricle beat instead uf sweeping 
over the wliole heart as a continuous wave ? these and allied 
questions touch problems concerning which our knowledge is at 
present too imperfect to render any discussion profitable here. 
We may, however, venture to say that the phenomenon in question 
cannot be explained by an appeal to the grosser features of the 
arrangi^ment of ganglia and nerves which we described in § 153. 

§ 156. In the above we have dealt chietly with the heart of 
the cold blooded animal, but so far as we know the same general 
conclusions hold good for the mammalian heart also. There is, it 
ia true, in the mammal, no prepotent sinus venosus, but as in the 
frog the auricles are dominant, and their beat determines the beat 
of the ventricles. Even more clearly than in the frog, however, the 
ventricles, though they normally follow the auricles in their beat, 
being initiated, aa it were, by them, possess an independent 
rhythmic power of their own. By a mechanical contrivance all 
conduction of nervous or muscular impulses between the auricles 
and ventricles may be abolished, though the blood may continue 
to flow from the cavities of the fonner to those of the latter. 
When this is done the ventricles go on beating rhythmically, 
but at a rate which is quite independent of that of the auricular 
beats. In one respect, however, the mammalian heart seems at 
tirst sight quite different from the heart of the frog. In the 
latter, muscular continuity is provided between the sinus venosus 
and the auricles, between the auricles and the ventricle ; this 
muscular continuity, it may be argued, is, without the aid of any 
distinct nervous paths, sufhcient for the propagation of the beat 
along the several parts. In the mammalian heart the connective 
tissue rings which separate the auricles from the ventricles seem 
to form complete breaks io the muscular continuity between 
the upper and lower chambers, and to necessitate nervous ties for 
carrying on the beat from the former to the latter But it 
would appear that even in the highest mammals, the ring in 
question is broken by bundles of muscular fibres passing between 
the auricles and ventricles; and it may be argued that these 
afford sufficient muscular continuity to justify the view that 
the beat of the mammalian heart is carried out in a manner 
not essentially different from that which obtains in the frog or 
the tortoise, 

Wti may now turn to the nervous mechanisms by which the 
beat of the heart, thus arising spontaneously within the tissues of 
the heart itself, is modified and regulated to meet the require- 
ments of the rest of the body. 

77u Oovemnunt of the Henrt Btat b;/ the Nervous Si/nteia. 

§ 157. It will be convenient to begin with the heart of the 
frog, which as we have seen is connected with the central nervous 
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Bystem through, and therefore governed by, the two vagus nerves, 
each of which though apparently a single nerve contains, as we 
shall see, fibres of different origin and nature. 

If while the beats of the heart of a frog are being carefully 
registered an interrupted current of moderate strength be sent 
throngli the vagus nerve, the heart is seen to stop beating. It 
remains for a time in diastole, perfectly motionless and flaccid ; 
all the muscular fibres of the several chambers are for the time 
being in a state of relaxation. The heart has been inhibited by 
the impulses descending the vagus from the part of the nerve 
stimulated. 

If the duration of the stimulation be short and the strength of 
the current great, the standstill may continue after the current has 
been shut off; the beats, when they reappear, are generally at first 
feeble and infrequent, but soon reach or even go beyond their 
previous vigour and frequency. If the duration of the stimulation 
be very long, the heart may recommence beating while the stimula- 
tion is still going on, but the beats are feeble and infrequent 
though gradually increasing in strength and frequency. The effect 
of the stimulation is at its maximum at or soon after the com- 
mencement of the applieation of the stimulus, gradually declining 
afterwards ; but even at the end of a very prolonged stimulation 
the beats may still be less in force or in frequency, or in both, than 
they were before the nerve was stimulated, and on the removal of 
the current may shew signs of recovery by an increase in force and 
frequency. The effect is not produced instantaneously ; if on the 
curve the point be exactly marked when the current is thrown 
in, as at on Fig. 69, it will frequently be found that one beat at 



_AA/\f. 




Flo. 69. iNiiiEiiTicis- or Fmio's Hgart b 

OB inarka Cbe time at which the iotemiptFil carrenl was thrown into the ntgoB, 
njfwheii it waashal off. The time mnrker below marks sMunds. The beats were 
r^Kiatered by KuspeDtlinK the ventricle from n clamp attached to the BorUL and 
nCtHrhing > light lever to the tip of the reutricle. 

least occurs after the current has passed into the nerve; the 
development of that beat has taken place before the impulses 
descending the vagus have had time to affect the heart. 
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Tbe stimulus need not necessarily be the interrupted current; 
mechaDical, chemical or thermal stimulation of the vagus will 
abo produce ijihibition ; but in order to get a marked effect it is 
desirable to make use of not a single nervous impulse but a series 
of nervous impulses; thus it is difficult to obtain any recc^nisahle 
result by employing a single induction shock of moderate intensity 
only. As we shall see later on • natural ' nerv'ous impulses descend- 
ing the vagus from the central nervous system, and started there, 
by afferent impulses or otherwise, as parts of a reSex act, may 
produce inhtbitiou. 

The stimulus may be applied to any [mrt of the course of the 
vagus from high up in the neck right down to the sinus; indeed, 
very uiarked results are obtained by applying the electrodes 
directly to the sinus where as we have seen the two nerves plunge 
into the substance of the heart. The stimulus may also be applied 
U) either vagus, though in the frog, and some other animals, one 
vagus is sometimes more powerful than the other. Thus it not 
unfrequently happens that even strong stimulation of the vagus on 
one side produces no change of the rhythm, while even moderate 
stimulation of the ner\'e on the other side of the neck brings the 
heart to a standstill at once. 

If during the inhibition the ventricle or other part of the heart 
be stimulated directly, for instance mechanically by the prick of a 
needle, a beat may follow ; that is to say, the impulses descending 
the vagus, while inhibiting the spontaneous beats, have not wholly 
abolished the actual irritability of the cardiac tissues. 

With a current of even moderate intensity, such a current for 
instance as would produce a marked tetanus of a muscle-nerve 
preparation, the standstill is complete, that is to say, a certain 
number of beats are entirely dropped; but with a weak current 
the inhibition is partial only, the heart does not stand absolutely 
still but the beats are slowed, the intervals between them being 
prolonged, or weakened only without much slowing, or both 
slowed and weakened. Sometimes the slowing and sometimes 
the weakening is the more conspicuous result 

§ 158. It sometimes happens that, when in the frog the vagus 
is stimulated in the neck, the effect is very different from that 
just described ; for the beats are increased in frequency, though 
they may l>e at &rst diminished in force. And, occasionally, tne 
beats are increased both in force and in frequency: the result 
is augmentation, not inhibition. But this is due to the fact that 
in the frog the vagus along the greater part of its course is a mixed 
nerve and contains fibres other than those of the vagus proper. 

If we examine the vagus nerve closely, tracing it up to the 
brain, we find thnt just as the nerve has pierced the cranium, 
just where it passes through the ganglion (Of, Fig. 70), certain 
fibres pass Into it from the sympathetic nerve of the neck, Si/, of 
the further connections of which we shall apeak presently 
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This being the case, we may expect that we should get different 
results according as we stimulated (1) the vagus in the cranium. 




Fio. 70. 



Diagrammatic Representation op the course of Cardiac 

AUGMENTOR FiBRES IN THE FrOG. 



Vr. roots of vagas (and ixth) nerve. GV. ganglion of same. Cr. line of cranial 
wall. Vg. vagns trunk, ix. ninth, glosso-pharyngeal nerve, S.V.C. superior vena 
cava. J^y» sympathetic nerve in neck. G.C. junction of sympathetic ganglion with 
vagus ganglion, sending i,c. intracranial fibres passing to Gasserian ganglion. The 
rest of the fibres pass along the vagus trunk, (j' svmpathetic ganglion connected 
with the first spinal nerve. G^'^ sympathetic ganghon of the second spinal nerve. 
An.V. annulus of Vieussens. A»6. subclavian artery. 6'^'^ sympathetic ganglion of 
the thini spinal nerve. ///. third spinal nerve, r.c. ramus commuuicans. 

The course of the augmentor fibres is shewn by the thick black line. They may 
be traced from the spinal cord by the anterior root of the third spinal nerve, through 
the ramus communicans to the correspond ing sympathetic ganglion G^^^ and thence 
by the second ganglion G''^, the annulus of Vieussens, and the first ganglion G-' to 
the cervical sympathetic Si/, and so by the vagus trunk to the superior vena cava 

s.r.a 

before it was joined by the sympathetic, (2) the sympathetic fibres 
before they join the vagus, and (3) the vagus trunk, containing both 
the real vagus and the sympathetic fibres. What we have pre- 
viously described are the ordinary results of stimulating the mixed 
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trunk, aud these, as we have said, are ndt wholly constant, thougli, 
usually and in the main, most distinct inhibitory results follow. 

If we 8tiiimlat« the sympathetic in the neck as at Sg, Fig. 70, 
cutting the nerve below so as to block all impulses from passing 
downwards, aud only allow impulses to paaa up to the vagus and 
thence down the mixed vagus trunk to the heart, we get very 
remarkable results. The beat of the heart instead of being inhib- 
ited is augmented, the beats are increased either in frequency or in 
force, or most generally both in frequency and in force. The effect 
is perhaps best seen when the heart before stimulation is beating 
slowly aud feebly; upon stimulation of the cervical sympathetic 
the beats at once improve in vigour and frequency ; indeed, a heart 
which for one reason or another has almost ceased to beat may, 
by proper stimulation of the sympathetic, be called back into 
vigorous activity. 

If, on the other hand, we stimulate the vagus before it has been 
joined by the sympathetic fibres (and to ensure the result not 
being marred by any escape of the stimulating current on to the 
sympathetic fibres it is necessary to stimulate the vagus within the 
cranium) we get pure and constant inhibitory results, the beats are 
for a time wholly abolished, or are slowed, or are weakened, or are 
both slowed and weakened. 

Obviously, then, the heart of the frog is supplied through the 
vagus by two sets of fibres coming from the central nervous system, 
the one by the vagus proper and the other by the cervical sym- 
pathetic nerve, and these two sets have opposite and antagonistic 
effects upon the hearts 

The one set, those belonging to the vagus proper, are inhibitory; 
they weaken the systole and prolong the diastole, the effect with a 
strong stimulation being complete, so that the heart is for a time 
brought to a staudstill. Sometimes the slowing, sometimes the 
weakening is the more prominent When the nerve and the heart 
are in good condition, it needs only a slight stimulus, a weak 
current, to produce a marked effect, and it may be mentioned that 
the more vigorous the heart, the more rapidly it is beating, the 
easier is it to bring about inhibition. Although, as we have said, 
the effect is at its maximum soon after the beginning of stimula- 
tion, a very prolonged inhibition may be produced by prolonged 
stimulation; indeed, by rhythmical stimulation of the ragus the 
heart may be kept perfectly quiescent for a very long time and 
yet best vigorously upon the cessation of the stimulus. In other 
words, the instrument of inhibition, that is, the fibres of the vagus 
and the part or substance of the heart upon which these act to 
produce inhibition, whatever that part or substance may be, are 
not readily exhausted. Further, the inhibition when it ceases ia, 
frequently at all events, followed by a period of reaction, during 
which the heart for a while beats more vigorously and rapidly 
than before. Indeed the total effect of stimulating the vagus 



310 KEFLEX INHIBITION IN FROO. [Book i. 

fibres is not to exhaust the heart, but rather tn strengthen it; and 
by repeated inhibitions carefully administereJ, a feebly beating 
heart may be nursed into vigorous activity. 

The other set, those joining the vagus from the sympathetic, 
are ' augmentor ' or ' accelerating ' fibres ; the latter name is the 
more common but the former is more accurate, since the effect of 
stimulating these fibres ia to increase not ouly the rapidity but 
the force of the beat ; not ouly is the diastole shortened but the 
systole is strengthened, sometimes the one result and sometimes 
the other being the more prominent. These augmentor fibres 
need a somewhat strong stimulation to produce an effect, the time 
required for the maximum effect to be produced is long, and the 
effect, when produced, may be maintained for some time. A 
slowly or weakly beating heart Is more easily augmented than is a 
strong one. Further, the augmentation is followed \>y a period of 
reaction in which the beats are feebler, by a stage of exhaustion ; 
and, indeed, by repeated stimulation of these sympathetic fibres a 
fairly vigorous heart, especially a bloodless one, may be reduced 
to a very feeble condition. 

By watL'hiog the effects of stimulating the sympathetic nerve 
at various points of its course we may trace these augmentor 
fibres from their junction with the vagus down the short sympa- 
thetic of the neck through the sympathetic ganglion connected 
with the first spinal nerve, G', Fig. 70, through one or both the 
loops of the arinulus of Vieussens, An. V, through the second 
ganglion, connected with the second spinal nerve, G", to the third 
ganglion connected with the third spinal nerve, G^", and thence 
through the ramus communicans or visceral branch of that 
ganglion, r.c, to the third spinal nerve, ///, by the anterior root 
of which they reach the spinal cord. 

§ 159. Both sets of fibres, then, may be traced to the central 
nervous system; and we find accordingly that the heart may be 
inhibited or augmented by nervous impulses which are started in 
the nervous system either by afferent impulses as part of a reflex 
act or otherwise, and which pass to the heart by the inhibitory or 
by the augmenting tract 

Thus if the spinal bulb or a particular part of the spinal bulb 
which is specially connected with the vagus nerve be stimulated, 
the heart is inhibited ; if, for instance, a needle be thrust into 
this part the heart stands still. This nervous area may be 
stirred to action, in a 'reflex' manner, by afferent impulses 
reaching it from various parts of the body. Thus if the abdomen 
of a frog be laid bare, and the intestine be struck sharply with the 
handle of a scalpel, the heart will stand still in diastole with all 
the phenomena of vagus inhibition. If the nervi mcscnterici or 
the connections of these nerves with the spinal cord be stimulated 
with the interrupted current, cardiac inhibition is similarly pro- 
duced. If in these two experiments both vagi are divided, or the 
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spiDBl balb is destroyed, inhibition is not produced, bowever much 
either the iutestine or the mesenteric nerves be stimulated. Thia 
shews that the phenomena are caused by impulses ascending 
along the mesenteric nerves to the spinal bulb, and so affecting a 
portion of that organ as to give rise by reflex action to impulses 
which descend the vagus nerve or nerves as inhibitory impulses. 
The portion of the spinal bulb thus mediating between the afferent 
and efferent impulses may be spoken of as the cardio-inhibilorif 
centre. This centre may be thrown into activity, and so inhibition 
produced, by afferent impulses reaching it along various nerves; 
by means of it reflex inhibition through one vagus may be brought 
about by stimulation of the central end of the other. 

And we have reason to think that in a similar manner 
augmentor impulses are developed in the central nervous system 
either as part of a reflex chain or otherwise. 

§ 160. So far we have been dealing with the heart of the 
frog, but the main facts which we have stated regarding inhi- 
bition and augmentation of the heart beat apply also to other 
vertebrate animals including mammals, and, indeed, we meet 
similar phenomena in the hearts of invertebrate animals. 

If in a mammal the heart be exposed to view by opening the 
thorax, and the vagus nerve be stimulated in the neck, the heart 
may be seen to stand still in diastole, with all the parte flaccid 
and at rest. If the current employed be too weak, the result, as 
in the frog, is not an actual arrest but a slowing or weakening of 
the beats. By placing a light lever on the heart or by other 
methods, a graphic record of the standstill, or of the slowing, of 
the complete or incomplete inhibition may be obtained. The 
result of stimulating the vagus is also well shewn on the blood 




Fic. 71. TKicini 



ti on the tignni lini 
.. Tho time mar' 
rabbit, Iwiiting ti 



L 



312 - INHIBITION IN THE MAMMAL. [Brmnu 

pressure curve, the effect of complete cardiac inhibition on blood 
pressure being most striking. If, while a tracing of nrtenal 
pressure is being taken, the beat of the heart be suddenly 
arrested by vagus stimulation, some such curve as that represented 
in Fig. 71 will be obtained. It will be observed that two beats 
follow the application of the current marked by the point i, 
which corresponds to the signal j: on the line below. Then for a 
space of time no beats at all are seen, the next beat b taking 
place almost immediately after the shutting off the current at y. 
Immediately after the last beat following a, there is a sudden fall 
of the blood pressure. At the pulse due to the last systole, the 
arterial system is at its maximum of distention; forthwith the 
elastic reaction of the arterial walls propels the blood forward into 
the veins, and, there being no fresh fluid injected from the heart, 
the fall of the mercury is unbroken, being rapid at first, hut 
slower afterwards, as the elastic force of the arterial walls is 
more and more used up. With the returning beats the pressure 
correspondingly rises in successive leaps until the normal mean 
pressure is regained. The size of these iBtuming leaps of the 
mercury may seem disproportionately large, but it must be re- 
membered that by far the greater part of the force of the first 
few strokes of the heart is expended in distending the arterial 
system, a small portion only of the blood which is ejected into the 
arteries passing on into the veins. As the arterial pressure rises, 
more and more blood passes at each beat through the capillaries, 
and the rise of the pressure at each beat becomes less and less, 
until at last the whole contents of the ventricle pass at each 
stroke into the veins, and the mean arterial pressure is established. 
To this it may be added, that, as we have seen, the force of the 
individual beats may be somewhat greater after than before inhi- 
bition. Besides, when the mercury manometer is used, the inertia 
of the mercury tends to magnify the effects of the initial beats. 

The above is an example of complete inhibition, of a total stand- 
still for a while of the whole heart, such as may be obtained by 
powerful stimulation of the vagus; both auricles and ventricles 
remain for a period free from all contractions ; and as the 
previously existing arterial pressure drives the blood onward from 
the arteries through the capillaries and veins towards the heart, 
the cavities of the heart become distended with blood, esi>ecially 
on the right side. 

A weaker stimulation of the vagus produces an incomplete 
inhibition, the heart continues to beat but with a different 
rhythm and stroke, and by careful observation many interesting 
features may he observed. If a record be obtained, by one or 
other of the methods mentioned in § 131 or elsewhere, of the 
behaviour of the auricles and ventricles respectively, it will be 
observed that the inhibition tells much more on the auricles than 
on the ventricles. The extent of the auricular contractions is 



Chap, rv.] THE VASCPLAR MECHANTSM. 

especially affected, more ao than that of the ventriclea, and it may 
sometimes be observed that the auricles are brought to complete 
quiescence while the ventricles still continue to beat; the latter 
now exhibit that independent rhythm of which we a[ioke in § 156. 
In a somewhat similar nianuer the stimulation of the vagus, by 
affecting the rhythm of the auricles more than that of the ventricles, 
may lead to a want of coordination between the two, the especially 
slowed auricles beating at one rate, the ventricles at another. 
It is indeed maintained by some that the vagus acts directly on 
the auricles only, the changes in the ventricles being of a secondary 
nature, caused by the changes in the auricles. 

When the output from the ventricles during vagus stimulation 
is measured, by the cardiometer or otherwise, it is found, as might 
be expected, that this is lessened. The diminution during a given 
period may be due to the mere slowing of the beat; but the 
individual pulse volume is in some cases, at least, also lessened. 
It may by the same method be observed that the quantity remain- 
ing in the ventricle at the end of the systole is increased; the 
ventricle appears to expand more during diastole. Of the eETects 
thus produced on the circulation we shall speak later on. 

We may now turn to some further details concerning the 
course of these inhibit/iry fibres. They run in the trunk of the 
vagus ; this is clear not only in the case of an animal like the 
rabbit, in which the vagus runs separate from the cervical sym- 
pathetic but also in the case of the dog, in which the two nerves 
are more or less bound up together. Leaving the vagus by the 
cardiac branches, they reach the cardiac tissues by the cardiac 
plexuses. When we trace the fibres in the other direction to- 
wards the central nervous system, we have to bear in mind that 
the fibres which compose the trunk of the vagua have, as we shall 
see in studying the central nervous system, two distinct central 
origins. On the one hand, there are the fibres which are the 
proper vagus fibres which, leaving the spinal bulb, pass through 
both the jugular ganglion and trunk ganglion (Fig. 72 r. GJ. 
0. Tr. Vg-)- On the other hand, there are fibres which, belonging 
to the spinal accessory nerve {Sp. Ac.) and to what we shall leara 
to speak of as the bulbar division of that nerve, pass after leaving 
the spinal bulb to the trunk ganglion of the vagus, and thence 
form part of the vagus trunk. Now, it is these fibres of the spina] 
accessory nerve and not the proper vagus fibres which supply the 
inhibitory fibres to the heart. Thus, if the bulbar roots of the 
spinal accessory be divided, those of the vagus proper being left 
intact, the spinal accessory fibres in the vagus trunk degenerate, 
and when this has taken place stimulation of the vagus fails to 
produce the ordinary inhibitory effect. 

Within the spinal bulb these inhibitorj' fibres are connected, 
in the mammal as in the frog, with a cardio-inhibitory centre ; and 
in the mammal as in the frog inhibition may be brought abont 
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not only by artiRcial stiiuulation of tbe vagus, but by etimulatiou 
in a retlex manner or otherwise of the cardio-iubibitory centre. 
Thus tbe fainting which often follows upon a blow on the stomach 
is a repetition of the result mentioned a little while ago as obtained 
on the frc^ by striking the stomach or stimulatiQg the nervi 
mesenterici. 80 also the fainting, complete or partial, which 
accompanies severe pain or mental emotion, is an illustration of 
cardiac inhibition by the vagus. These are famihar examples of 
more or less complete inhibition; but simple slowing or weakening 
of the beat through the inhibitory meclianism is probably an 
event of much more common occurrence. For instance, a rise of 
general blood pressure, or, aud perhaps more espefially, a rise in 
the blood pressure of the vessels of the brain, sets going inhibitory 
impulses by which the work of the heart is lessened, and the bigh 
blood pressure lowered, tlie dangers of a too high pressure being 
til us averted. Again, the iuhibition may be brought about tn a 
reflex manner by impulses started in the heart itself and asceuding 
to the central nervous system along aH'erent fibres which run in 
the vagus trunk from the heart to the spinal bulb. In this way the 
heart regulates its own action according to its condition and its 
needs- 
There is also some reason for thinking that, in some animals 
at least, the central nervous system by means of the cardiac 
inhibitory fibres keeps, as it were, a continual rein on the heart, 
for, in the dog for example, section of both vagi causes a quickening 
of the heart's beat But we shall have to speak of these matters 
more than once later on. Meanwhile we may turn to the augmentor 
fibres. 

So mucli of our knowIeilj,'e of tho nervous work of the heart and 
eepeoially «f the action of the aiignieiUor fibres has been ^nintnl by 
experiments on tlopi tlint it may be de«imbla to give a fuvr details con* 
cerning the nerves of tlm henrt in this animal. 

In the dog the vapis booii after it issues from ita trunk ganftlion 
{(i. Tr. Vp., Fig. 72) is joined by the sympatbetio nerve proceeding from 
the superior cervical ganglion, the two fonnJn}; the vago-sjnipHtlietic 
trunk. Aa this tnuik enters the thorax, the aympathetic portion bean 
a gunKlion (S.G.) usually called the lower uerviml gatighon. To thia 
ganglion there pnes froiji the stellate ganglion {O'.St.) of llie thoracic 
sympathetie ehnin, two nerves, one running ventral to, the other dorHd 
to the eubclnviau nrterv, nml thus forming with tho two ganglia, the 
annuhifl of Vienaeens (A"-^-)- 

A very largo number of the cardiac nerves spring from the lower 
cervical ganglion nml from the vagus trunk lyinf in contact with it, 
from the vagus tnmk bilow thia gnngliou, fWim llie annnlus of Viens- 
Sena, chiefly at least from tho ventml limb, and aonietimea from the 
stellate ganglinn. There :ire besiiWa canline bmnclies parsing from 
the vago-eym pathetic trunk between tlie luveU of the supenor and 
of thi! inferior cervical ganglia, cardiac bmnches of the recurrent 
laryngeal, a ca^liac branch of the superior laryngeal, and a long 
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The app«t portion ol the fignnirapreiicuUth(iiubibituTj,thBlowof theugmcDtor 
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r. Vp, roou a! the vague , r.Sp.Ac. rootB of the spinal accessory ; both drawn 
yerj dUgiammntiiMillv. (i.J. gaaeViua jugulare. G.Tr.i-'ij. gangliaD tmnci vsfL 
S/i-Ar, Rpiual accegaory trunk. £il.Sji.Ac. externa] spjnnl acceaoorj. i.Sp.Ac 
ialenui] Bpiniil aceeuocv. Vy, trunk of vaj^H nerve, it,c branches going; to 
heart C.Sif. cervical (iyniP*''>etic. G.C. loner cervical gnnglion. A^L mb- 
clavian artery. An.V, Annuliu o( VieiiBaeM. 6'.S(, stellate gimglioa, correspoDd- 
ing tu the llrst, lecund, aud third ganglia uf the thoracic chain. O.TH.*, G.TIi\ 
fourth and fifth thoracic j^angtia. Z'.i., Z>.ii., D.tn., D.iv., D.v., first, secoad, third, 
fourth and fifth thoracic spinal uerve& r. c. ramns «>mmanicans. n. c. nerves 
(cardiac) passing to the heart from the cervical ganglion and from the atuinlDs of 

The inhibitory fibres, shewn by black lines, run in the upper (bulbar) roots of 
the spinal acceKsorj', by the internal branch of the tipinal accB»eory, past the 
gunghun trunci vagi, along the Irnnk of the vague, and so by branches to the 

The Bogmentor fibres, also shewn by black liues. ]i»«s from the spinal cord by the 
anterior nmta of tbe second and third thoracic nerves (possibly also from the first, 
fijnrtb and fifth as indicated by broken black lines), pass tbe stellate ganelion by 
the annnlus of VieUKSens to tbe lower cervical ganglion, from whence, as also from 
tbe annulns itself, tbey pass along tbe cardiac nenes to tbe heart. An occAsioual 
tract from the stellate ganglion itself is not shewn in tbe figure. 

slender nerve from the superior cer\*ieal ganglion pfissing independently 
to the heart. The arrangement is not exactly the same on ths two 
sides of the body, and th« minor details differ in different individuals. 
As in other animals the various cardiac nerves mingle in the cardiac 

pl,JU,«. 

In the dog it has beeu ascertained by separate stimulation of 
these several cardiac nerves, that atigmentor fibres are contained in 
some or other of tbe nen'es passing from the lower cervical ganglion 
and the adjoining vagus trunk, from the annnlus of Vieussena, 
especially the lovrer, ventral, limb, and sonietimeii from the stellate 
ganglion itself. The results differ a good deal in different in- 
dividuals, and there are reasons for thinking that tbe nerves in 
question may contain efferent fibres other than augmentor fibres, 
by reason of which stimulation of them may give rise to other 
than pure augmentor effects. Speaking broadly, however, we may 
say that we may trace the augmentor fibres back from the cardiac 
plexuses through tlie lower cervical ganglion and the annulaa of 
Vieussens to the stellate ganglion. 

This ganglion is in reality several sympathetic ganglia fused 
together. It undoubtedly, in the dog, represents the first, second 
and third thoracic sympathetic ganglia, receiving, as it does, 
branches, rami communicantes, from tbe first, second and third 
thoracic spinal nerves. Since it also receives branches from the 
eighth and seventh cervical nerves, it has been argued that it 
represents not only the three thoracic sympathetic ganglia, bat 
also what in man and other animals is called the lower cervical 
ganglion ; if so, what has been called above the lower cervical 
ganglion should be regarded as the middle cervical ganglion. 
From the stellate ganglion the sympathetic cord passes to the 
ganglion, which is connected by a ramus communicans with tbe 





Chap, iv.] THE VASCtTLAR BtECHANISM. 317 

fourth thoracic spinal nerve, and wliicli is therefore, ia reality, the 
fourth thoracic ganglion, aud so on to the rest of the thoracic chaiu. 

Now, wheu the several rami communicantes, or the anterior 
roots, of the lower cervical and upi)er thoracic nerves are separately 
stimulated, it is found that augmentor effects make thetr appear- 
ance with considerable constancy when the second aud third 
thoracic nerves are stimulnUtd ; the effects are less constant with 
the first and fourth thoracic nerves; sometimes some effect may 
ap[)ear with the iifth thoracic nerve, but not with any other 
thoracic nerves, or with any of the cervical nerves. 

We may therefore say that, in the dog, augmentor impulseB 
leave the spinal cord by the anterior roots of the second and third, 
to some extent the Brat and fourth, and possibly the fifth 
thoracic nerves, travel by the several rami communicantes to the 
stellate ganglion, and pass thence to the cardiac plexuses, and so to 
the heart, by nerves from the stellate ganglion itself, or from the 
annulus of Vieussens, or from the so-called lower cervical ganglion. 
In the cat the path of the augmentor impulses is very similar, and 
we may regard the statement just made aa representing, in a broad 
way, the path of these impulses in the mammal generally. They 
leave the spinal cord by the upper thoracic nerves, and pass to the 
heart through the lower cervical and upper thoracic sympathetic 
ganglia. 

The effect of stimulating these augmentor fibres is, in some 
cases, to increase the rapidity of the rhythm. Wheu the heart is 
beating very slowly this acceleration may be very conspicuous, but 
when the heart is beating quickly, or even at what may be called 
a normal rate, the acceleration observed may be very slight. A 
more constant and striking effect ia the increase in the force of the 
beat. When tracings are taken of the movements of the auricles 
and ventricles separately, it is observed that in the case both of the 
auricles and of the ventricles, the extent of the systole is increased ; 
moreover, it would seem also that both cavities undergo a larger 
expansion : they are filled with a larger quantity of blood during 
the diastole. This means that the output of the heart is increased 
by the action of the augmentor nerves, and that such is the eCTect 
may be directly shewn by tlie cardiometer. Moreover, this increase 
of the output may take place io spite of a concomitant rise of 
arterial pressure, so that the effect of the action of the augmentor 
nerves is distinctly to increase the work of the heart ; and this may 
take place even though no marked acceleration occurs. 

In the mammal as in the case of the frog, when the augmentor 
fibres are stimulated, some time elapses before the maximum effect 
ia witnessed and the influence of the stimulation may last some 
considerable time after the stimulation has ceased. 

When records are taken of the behaviour of the heart during 
the stimulation of afferent nerves, such as the sciatic or the 
splanchnic, the records shew that the heart may behave very much 
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in the same way as wheu the augmentor fibres are directly stimu- 
lated ; there is a marked increase in the force of the auricular and 
of the ventricular systole, and at times an obvious acceleration of 
the rhythm. We may infer that in such a case the augmentor 
fihres are thrown into activity through the afferent impulses as 
part of a reflex act. At the same time it must be remembered 
that afferent impulses may increase the beat of the heart not by 
exciting the augmentor mechanism, but by depressing, that is, 
by inhibiting a previously existing activity of the cardio-inhibitory 
centre ; to this point we shall again have to refer. 

We may, however, conclude that both the inhibitory and tlie 
augmentor mechanisms of the heart can he brought into action by 
means of the central nervous system. Speaking broadly, the eflfect 
of the former is to diminish the work of the heart, and so to lower 
the blood pressure, and that of the latter to increase the work of 
the heart, and so to heighten the blood pressure. 

§ 161. The question, what is the exact nature of the change 
brought about by the inhibitory and augmenting impulses respect- 
ively on their arrival at the heart ? or, in other words, by virtue 
of what events produced in the heart itself do the impulses along 
the one set of fibres bring about inhibition, along the other set 
augmentation ? — is a very difficult one, which we cannot attempt 
to discuss fully here. 

We may, ot course, suppose that the very impulses themselves 
as started at the point of stimulation are, owing to the very nature 
of the fibres, different in the one set and in the other. Many 
phenomena, however, of the nervous system lead us, by analogy, to 
the conclusion that this is not the case, but that stimulation of the 
fibres produces different effects on the heart by reason of the 
different ways in which the fibres end in the heart. We may, for 
instance, suppose that there exist in the heart what we may call 
an inhibitory and an augmenting mechanism with which the 
inhibitory and augmentor fibres are respectively connected. And 
a special action of atropin on the heart lends support to this view. 

If, either in a frog or a mammal, or other animal, after the 
vagus fibres have been proved, by trial, to produce, upon stimu- 
lation, the usual inhibitory effects, a small quantity of atropin 
be introduced into the circulation (when the experiment is con- 
ducted on a living animal, or be applied in a weak solution to 
the heart itself when the experiment is conducted, in the 
frog for instance, on an excised henrt or after the circulation has 
ceased), it will after a short time be found, not only that the stimu- 
lation, the application of a current, for instance, which previously 
when applied to the vagus produced marked inhibition, now 
produces no inhibition, but even that the strongest stimulus, the 
strongest current applied to the vagus, will wholly fail to affect 
"le heart, provided that there be no escape ot current on to the 
irdiac tissues themselves; under the inSuence of even a small 




dose of atropiD, the strongest Rtimulation of the vagus will not 
produce standstill or appreciable 8lo\i,iDj> or weakeiiiog of the beat 

Further, this special action of atropiu on the heart is, so to 
speak, com pi em en ted by the action of inuscarin, the active 
principle of many poisouous mushrooms. If a small quautit; of 
muscailii be introduced into the circulation, or applied directly to 
the heart, the beats become slow and feeble, and if the dose be 
adequate the heart is brought to a complete stsudstill. The effect 
is in some respects like that of j>owerful stimulation of the vagus, 
but the standstill is much more complete, the effect is much more 
profound. Now if, in a frt^, the heart be brought to a standstill 
by n dose of muscarin, the application of an adequate quantity of 
atropin will bring back the beats to quite their normal slreugth and 
rhythm. The one drug is, so far as the heart is concemed(and indeed 
in many other respects), the antidote of the other. We may interpret 
these results as indicating that there exists in the heart an 
inhibitory mechanism, which is excited, stimulated into activity 
by muscarin, but paralysed, rendered incapable of activity by 
atropin. And we may sup)>ose that there is a corresponding 
nuj^nienting meehanii^m. 

But what is the nature of such a mechanism ? It has been 
supposed that it is furnished by some or other of the ganglia 
within the heart. And this view seems at first sight tempting, 
especially as regards the vagus inhibitory fibres. In the dog the 
roots of the spinal accessory nerve, by which inhibitory fibres leave 
the central nervous system, consist entirely of medullated fibres. 
Among these are hbres of tine calibre, 3'5/t or less in diameter, 
which may be traced down the trunk of the vagus, along the 
branches going to the heart, right down to the heart itself. There 
can be little doubt that these medullated fibres of fine calibre are 
the inhibitory fibres of the vagus, and indeed there is evidence 
which renders it probable that the inhibitory fibres of the heart 
are always medullated fibres of fine calibre, which continue as 
medullated fibres right down to the heart, but eventually lose their 
medulla in the heart itself by becoming connected with the cells 
of some or other of the ganglia. And we may suppose tlint the 
impulses passing down the vagus fibres so afl'ect the cells with 
which the fibres are thus connected, that the impulses which 
pass away from the other side of the cell towanls the mus- 
cular fibres assume a special character and become inhibitory, 
whatever might have been their nature before. In other words, 
these ganglionic cells are the inhibitory meclianism of which wi* 
are in search; but the connection of a fibre with a nerve cell and 
a change from a medullated to a non-medullnted condition does not 
necessarily entail change of function. The angmentor tibiL's. as they 
leave the spinal cord by the anterior roots of the thoracic Hpinal 
nerves, are medullated fibres. Buttlieylosetheir medulla (in thedog) 
in tbe stellate ganglion or the luwercervical ganglion ; from these 
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ganglia onwards tliey are non-medullat*d fibres. Now we cannot 
by experiment detect any difference between the aiigmentor actiuu 
of the medullated fibres running from the spinal cord to the gan- 
glia and that of the non-mednllated fibres running from the gangUa 
to the heart. By analogy we may infer that the inhibitory fibres 
are the same in action before and after they become connected with 
the ganglionic cells within the heart These cells do not furnish 
the inhibitory mechanism. Moreover, there is evidence that 
atropin in preventing inhibition doea so by prodncing some change 
either in the muscular fibres themselves or in the ultimate nerve 
endings. At present we can make no satisfactory statement as to 
exactly how either inhibition or augmentation is brought about. 

As to the part, however, played by the ganglionic cells within the 
heart in reference to inhibition or augmentation, we may call to mind 
the fact that stimulation of say one of the cardiac nerves, carrying 
BUgmentor or inhibitory fibres leads to augmentation or inhibition 
of the work not of any particular part of the heart, but of the 
whole heart ; and as we have already urged, the gaugHa probably 
act as distributors of impulses. They may also, in addition, have 
an important work in maintaining the nutrition of the nerve fibres : 
they may have an important trophic function. 

We have seen that both inhibition and augmentation may 
affect on the one hand the rhythm, and on the other hand the 
force of the heart beat. We cannot at present explain this double 
event. It may be that there are in each case two sets of fibres, 
one bearing on the rliythm, the other on the force of the contrac- 
tions; this is the simpler explanation, but we have as yet no 
adequatfi proof in support of it, and other explanations seem 



One other point is worthy perhaps of attention. We haveseeD 
that inhibition may be followed by a phase of increased activity, 
and that on the whole the heart is strengthened rather than 
weakened by the process, while on the other hand augmentation is 
followed by depression, and the process is distinctly an exhausting 
one. Hence whatever be the exact mechanism of inhibition and of 
augmentation, whatever be the particular elements of the cardiac 
structures which furnish the one or the other, augmentation means 
increased expenditure, inhibition means a lessened expenditure, of 
energy on the part of the muscular tissue of the heart. Whatever 
the manner in which the respective fibres act. the eflect of the 
activity of the augmentor fibres is to hurry on the downward, 
catabolic changes of the cardiac tissue, while that of the inliibitoiy 
fibres is an opposite one, and we may probably say that the latter 
assists the constructive, anabolic, changes. 

Other Influences regulating or modifying the Beat of the Heart. 

§ 162. Important as is the regulation of the heart by the 
nervous system, it must be borne in mind that other influences 
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are or may be at work. The beat of the heart may. for instance, 
be modified by influences bearing directly on ihe uutrition of the 
heart. The tissues of the heart, like all other tissues, need an 
adequate supply of blood of a proper quality ; if the blood vary 
in quality or quantity the beat of the heart is correspondingly 
affected. The excised frog's heart, as we have seen, continues to 
bi'at for some considerable time, though apparently empty of blood. 
After a while, however, the beats diminish and eventually disap- 
]»ear ; and their disappearance is greatly hastened by washing out 
the heart with normal saline solution, which, when allowed to 
flow through the cavities of the heart, readily permeates the tissues 
on account of the peculiar construction (§ 151) of the ventricular 
walls. U such a ' washed out," quiescent heart be fed with a 
perfusion cannula, in the manner described (§ 155), with diluted 
blood (of the rabbit, sheep, i&c), it may be restored to functional 
activity. A similar but less complete restoration may be wit- 
nessed if serum be used instead of blood ; and a heart ted 
regularly with fresh supplies of blood or even of serum may be 
kept beating for a very great length of time. 

Now, serum is, as we have seen, a very complex fluid containing 
several proteids, many * extractives ' and various inorganic salts. 
Of the proteids, experimente have shewn that peptone and 
albumose, so far from being beneficial, are directly poisonous to the 
heart i that paragtobulin is without effect ; but that serum-albumin 
will maintain the beats for a long time, and will restore the beats 
of a ' washed-out ' heart. We might infer from this that serum- 
albumin is directly concerned in the nutrition of the cardiac tissue ; 
but we are met with the striking fact that a frog's heart may be 
maintained in vigorous pulsation for many hours, and that a 
■ washed-out ' frog's heart may be restored to vigorous pulsation by 
being fed with normal saline fluid to which a calcium salt with a 
trace of a potassium salt has been added'. On the other hand, 
serum from which the calcium salts have been removed by 
precipitation with sodium oxalate is powerless to maintain or to 
restore cardiac pulsations. Obviously in the changes, whatever 
they may be, through which such fluids as serum, milk and the like 
(for milk and other fluids have been found efficient in this respect) 
maintain the beat of the heart, calcium salts play an important 
part ; and it is tempting to connect this with the relation of calcium 
salts to the clotting of blood (§ 201. We are not, however, justified 
in inferring because serum is ineffective in the absence of calcium 
salts, that the serum albumin is useless ; and, indeed, the beneficial 
effects of the calcic saline fluid are not so complete as those of serum 
or of blood ; moreover, the possible influences of the various extrac- 

I Bf Ringer'a He«rt-Flaid, (or ipnUince, which is made br nunruiDK Id tb* coM 
noraal laline loliition ('GS p.e, vmlinm chloride) wiih ratcium phuaphate, uid 
■ddlng lo 100 c.c. of the nixttin, X c.c of a I p.c solation of poUwiam chloride. 




322 EEGULATION BY NTJTRITION. [Book t. 

tives, such as sugar, for instance, present in the serum have to l»e 
considered. We may, in addition, call to mind what we said in 
treating of the skeletal musciles (§ 86), that fatigue or exhaustion 
may have a dotihle nature, the using up of contractile material on 
the one hand, and on the other hand the accumulation of wa6t« 
products; and the nutritive or restorative influence over the heart 
of any material may bear on the one or the other of these. Thus 
the beneficial effect of alkalies is probably in part due to their 
antagonizing the acids which as we have seen are being constantly 
produced during muscular contraction. But we shall return to 
this subject in dealing at a later part of this work with the 
nutrition of the several tissues. 

In the various experiments which have been made in thus 
feeding hearts with nutritive and other fluids, two facts worthy of 
notice have been brought to light. 

One is that various substances have an effect on the muscular 
walls, apart from the direct modification of the contractions. 

The muscular fibres of the heart over and above their rhythmic 
contractions are capable of varying in length, so that at one time 
they are longer, and the chambers, when pressure is applied to 
them internally, are dilated beyond the normal, while at another 
time they are shorter, and the chambers, with the same internal 
pressure, are contracted beyond the normal. In other words, the 
heart possesses what we shall speak of in reference to arteries as 
tonicity or tonic contraction, and the amount of this tonic contrac- 
tion, and in consequence the capacity of the chambers, varies 
according to circumstances. Some of the substances appear to 
increase, others to diminish this tonicity and thus to diminish or 
increase the capacity of the chambers during diastole. This, of 
course, would have an effect, other things being equal, on the 
output from the heart, and so on its work ; and, indeed, there ia 
some evidence that the augmentor and inhibitory impulses may 
also affect this tonicity, but observers are not agreed as to the 
manner in which and extent to which they may thus act 

Another fact worthy of notice is when the heart is thus artifi- 
cially fed with serum, or other fluids, or even with blood, the beats, 
whether spontaneous or provoked by stimulation, are apt to become 
intermittent, and to arrange themselves into groups. Tliisint«rmit- 
tence is possibly due to the flnid employed being unable to carrj' on 
nutrition in a completely normal manner, and to the consequent 
production of abnormal chemical substances ; and it is probable that 
cardiac intermittences seen during life are in certain cases thus 
brought about by some direct interiference with the nutrition of the 
cardiac tissue, and not through extrinsic nervous impulses descend- 
ing to the heart from the central nervous system. Various chemical 
substances in the blood, arising within the body, or introduced as 
drugs, may thus affect the heart's beat by acting on its muscular 
fibres, or its nervous elements, or both, and that probably in various 
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ways, modifying in different directions the rhythm, or the individual 
contractions, or both. 

Concerning the effect on the heart of blood which has not been 
adequately changed in the lungs we shall speak when we come to 
treat of respiration. 

The physical or mechanical circumstances of the heart also 
affect its beat ; of these perhaps the most important is the amount 
of the di.'jtension of its cavities. The contractions of cardiac 
muscle, like those of ordinary muscle (see S 81), are increased up 
to a certain limit by the resistance which they have to overcome ; 
& fnll ventricle will, other things being equal, contract more 
vigorously than one less full ; though, as in ordinary muscle, the 
limit at which resistauce is beneficial may be passed, and an over- 
full ventricle will fail to beat at all. Hence an increase in the 
quantity of blood in the ventricle will augment the work done in 
two ways : the quantity thrown out will, unless antagonistic 
inHuences intervene, be greater, and the increased quantity will be 
ejected with greater force. Further, since the distension of the 
ventricle, at the commencement of the systole, at all events, is 
dependent on the auricular systole, the work of the ventricle (and 
so of the heart as a whole) is in a measure governed by the 
auricle. 

An interesting combination of direct mechanical effects and 
indirect nervous effects is seen in the relation of the heart's 
beat to blood pressure. When the blood pressure is high, not 
only is the resistance to the ventricular systole increased, but, 
other things being equal, more blood flows (in the mammalian 
heart) through the coronary arteries. Both these events would 
increase the activity of the heart, and we might expect that the 
increase would be manifest in the rate of the rhythm as well as in 
the force of the individual beats. As n matter of fact, however, 
we do not find this. On the contrary, the relation of heart beat to 
pressure may be put almost in the form of a law, that " the rate 
of the beat is in inverse ratio to the arterial pressure ; " a rise of 
pressure being accompanied by a diminution, and fall of pressure 
by an increase of the rate of the rhythm. This, however, only holds 
good if the vagus nerves be intact. If these be previously divided, 
then in whatever way the blood pressure be raised, — whether by 
injecting blood or clamping the aorta, or increasing the peripheral 
resistance, through an action of the vaso-motor nerves, which we 
shall have to describe directly, — or in whatever way it be lowered, 
no such clear and decided inverse relation between blood pressure 
and puUe-rate is observed. It is inferred, therefore, that increased 
blood pressure causes a slowing of the beat, when the vagus nerves 
are intact, because the cardio-inhibitory centre in the medulla is 
stimulated by the high pressure, either directly by the pressure 
obtaining in the blood vessels of the medulla, or in some indirect 
manner, and the heart in consequence more or less inhibited. 




CHANGES IN THE CALIBRE OF THE MINUTE 
ARTERIES. VASO-MOTOR ACTIONS, 



§ 163. We have seen (§ lOS) that all arteries contain plain 
muscular fibres, for the most part circularly disposed, and most 
abundant in, or sometimes almost entirely confiued to the middle 
coat. We have further seen that, as the arteries become smaller. 
the muscular element as a rule becomes more and more pronuiieut 
as compared with the other elements, until, in the minute arteriee, 
the middle coat consists almost entirely of a series of plain mus- 
cular fibres wrapped round the internal coat. Ner%e fibres, of 
whose nature aud course we shall presently speak, are distributed 
largely to the arteries, and appear to end chiefly in fine plexuses 
round the muscular fibres, but their exact terminations have not 
as yet been clearly made out By mechanical, electrical, or other 
stimulation, this muscular coat may, in the living arlerj-. be made 
to contract. During this contraction, which has the slow character 
belonging to the contractions of all plain muscle, the calibre of the 
vessel is diminished. The veins also, as we have seen, possess 
muscular elements, but these vary in amount and distribution 
very much more in the veins than in the arteries. Most veins, 
however, are contractile, and may vary in calibre according to the 
condition of their muscular elements. Vein.s are also supplied 
with nerves. It will be of advantage, however, to consider 
separately the little we know concerning the changes in tli« 
veins and to confine ourselves at present to the changes in iho 
arteries. 

If any individual small artery in the web of a frog's foot be 
watched under the microscope, it will be found to vary considerably 
in calibre from time to time, being sometimes narrowed and 
sometimes dilated ; and these changes may take place without 
any obvious changes either in the heart beat or in the general 
circulation ; they are clearly changes of the artery itself. During 
the narrowing, which ia obviously due to a contraction of the 
muscular coat of the arterj-, the capillaries fed by the artery and 
the veins into which these lead become less filled with blood, and 
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therefore paler. During the wideniug, wliich corresponds to the 
relaxation of the muscular cciat, the same parts are fuller of blood, 
and redder. It is obvious that, the pressure at the entrance into 
any given artery remaining the same, more blood will enter the 
artery vrhen relaxation takes place, and consequently the resistance 
offered by the artery is diminished, and less when contraction 
occurs, and the resistance is consequently increased ; the blood 
Hows in the direction of least resistance. 

The extent and intensity of the narrowing or widening, of the 
constriction or dilation which may thus be observed in the frog's 
web. vary very largely. Variations of slight extent, either more or 
less regular and rhythmic or irregular, occur even when the animal 
is apparently suhjecteil to no disturbing causes, and may be spoken 
of as spontaneous; larger changes may follow events occurring in 
various parts of the body ; while as the result of experimental 
interference the arteries may become either constricted, in some 
cases almost to obliteration, or dilated until they acquire double 
or more than double their normal diameter. This constriction or 
dilation may be brought about not only by treatment applied 
directly to the web, but also by changes affecting the nerves of 
the leg or other parts of the body. Thus section of the nerves of the 
leg is generally followed by a widening which may be slight or 
which may be very marked, and which is sometimes preceded by 
a passing constriction ; while stimulation of the peripheral stump 
of a divided nerve by an interrupted current of moderate in- 
tensity gives rise to constriction, often so great as almost to 
obliterate some of the minute arteries. 

Obviously, then, the contractile muscular elementsof the minute 
arteries of the web of the frog's foot are capable by contraction or 
relaxation of causing decrease or increase of the calibre of the 
arteries; and this condition of constriction or dilation may be 
brought about through the agency of nerves. Indeed, not only in 
the frog, but also, and still more so, in warm blooded animals, have 
we evidence thatinthecaseof a very large number of, if not all, the 
arteries of the body, the condition of the muscular coat, and so the 
calibre of the artery, is governed by means of nerves ; these nerves 
have received the general name of vaso-motor nerves. 

§ 164. If the ear of a rabbit, preferably a light coloured one. 
be held up before the light, a fairly conspicuons artery will be seen 
running up the middle line of the ear, accompanied by its broader 
and more obvious veins. If tins artery be carefully watched it will 
be found, in most instances, to lie undergoing rhythmic changes of 
calibre, constriction alternating with dilation. At one moment the 
artery appears as a delicate, hardly visible pale streak, the whole 
ear being at the same time pallid. After a while the artery slowly 
widens out. becomes broad and red, the whole ear blushing, and 
many small vessels previously invisible coming into view. Again 
the artery narrows and the blush fades away ; and this may be 
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repeated at somewhat irregular intervals of a minute, more or less. 
The extent and regularity of the rhythm are usually markedly 
increased if the rabbit be held up by t!ie ears for a. short time- 
previoua to the observation. Similar rhythmic variatioiis in the 
calibre of the arteries have been observed in several regions of the 
body, ex. gr. in the vessels of the mesentery and elsewhere ; 
probably they are vfidely spread. 

Sometimes no such variations are seen, the artery remains 
constant in a cundition intermediate between the more extreme 
widening and extreme narrowing just described. In fact, we may 
speak of an arteiy as being at any given time in one of three 
phases. It may be very constricted, in which case its muscular 
fibres are very much contracted ; or it may be very dilated, in 
which case its muscular fibres are relaxed ; or it may be mode- 
rately constricted, the muscular fibres being contracted to a certain 
extent, and remaining in such a condition that they mayou the 
one hand pass into stronger contraction, leading to marked con- 
striction, or, on the other hand, into distinct relaxation, leading 
to dilation. We have reason to think, as we shall see, that many 
arteries of the body are kept habitually, or at least for long 
periods together, in this intermediate condition, which is fre- 
quently spoken of as tonic contraction or tonus, or arterial tone. 

§ 16& If, now, in a vigorous rabbit, in which the heart is 
beating with adequate strength, and the whole circulation is in a 
satisfactory condition, the cervical sympathetic nerve be divided on 
one side of the neck, remarkable changes may be observed in the 
blood vessels of the ear of the same side. The arteries and veins 
widen, they, together with the small veins and the capillaries, 
become full of blood, many vessels previously invisible come into 
view, the whole ear blushes, and if the rhythmic changes described 
above were previously going on, these now cease; in conse- 
quence of the extra supply of warm blood the whole ear becomes 
distinctly warmer. Now, these changes take place, or may take 
place, without any alteration in the heart beat or in the general 
circulation. Obviously the arteries of the ear have, in conse- 
quence of the section of the nerve, lost the tonic contraction 
which previously existed ; their muscular coats previously some- 
what contracted nave become quite relaxed, and whatever rhythmic 
contractions were previously going on have ceased. The more 
marked the previous tonic contraction, and the more vigorous the 
heart beats, so that there is an adequate supply of blood to fill the 
widened channels, the more striking the result. Sometimes, as 
when the heart is feeble, or the pre-existing tonic contraction is 
alight, the section of the nerve produces no very obvious change. 

If now the upper segment of the divided cervical sympathetic 
nerve, that ia the portion of the nerve passing upwards to the head 
and ear, be laid upon the electrodes of an induction machine, and a 
gentle interrupted current be sent through the nerve, fresh changes 
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take place in the blood vessels of the ear. A short time after the 
application of the current, for in this effect there is a Inteut period 
of very appreciable duration, the ear grows paler aud cooler, many 
small vessels, previously conspicuous, become again invisible, the 
main artery shrinks to the thinnest thread, ami the main veins 
become correspondingly small. When the current is shut off from 
the nerve, these effects still last some time, but eventually pass 
off; the ear reddens, blushes once more, and, indeed, may become 
even redder and hotter, with the vessels more filled with blood 
than before. Obviously the current has generated in the cervical, 
sympathetic, nerve impulses which, passing upward to the ear and 
finding their way to the muscular coats of the arteries of the ear, 
have thrown the muscles of those coats into forcible contractions, 
ami have thus brought about a forcible narrowing of the calibre of 
the arteries, a forcible constriction. Through the narrowed con- 
stricted arteries less blood finds its way. and hence the paleness 
and coldness of the ear. If the impulses thus generated be very 
strong, the constriction of the arteries may be so great that the 
smallest quantity only of blood can make its way through them, 
and the ear may become almost bloodless. If the impulses be 
weak the constriction induced may be slight only ; and, indeed, by 
careful manipulation the nerve may be induced to send up to the 
ear impulses only just sufficiently strong to restore the moderate 
tonic constriction which existed before the nerve was divided. 

We infer from these experiments that among the various nerve 
fibres making up the cervical sympathetic, there are certain fibres 
which, passing upwards to the head, become connected with the 
arteries of the ear, and that these fibres are of such a kind that 
impulses, generated in them aud passing upwards to the ear, lead 
to marked contraction of the muscniar fibres of the arteries, and 
thus produce constriction. These fibres are vaao-motor fibres for 
the blood vessels of the ear. From the loss of tone, so freiiuently 
following section of the cervical sympathetic, we may further infer, 
that, normally during life, impulses of a gentle kind are continually 
passing along these fibres, upwards through the cervical sympathe- 
tic, which impulses, reaching the arteries of the ear, maintain the 
normal tone of those arteries. But, as we said, the existence of this 
tone is not constant, and the effecta of these tonic impulses 
are not so conspicuous as those of the artificial constrictor im- 
pulses generated by stimulation of the nerve. 

§ 186, The above results are obtained whatever be the region 
of the cervical sympathetic which we divide or stimulate between the 
upper and the lower cervical ganglion. We may therefore describe 
these voso-motor impulses as passing upwards from the lower cer- 
vical ganglion along the cervical sympathetic, to the upper cervical 
ganglion, from which they issue by branches which ultimately find 
their way to the ear. But these impulses do not start from thu 
lower cervical ganglion ; on the contrary, by repeating the enperi- 



y 



S28 VASO-MOTOB FIBRES OF THE EAR. [Book r. 

ments of division and stimulation in a series of animals, we may 
trace the path of these impulaes from the lower cervical ganglion, 
Fig. 73, through the annulus of Vieussens to 
the ganglion stellatum and upper part of the 
thoracic sympathetic chain, and thence along 
the rami communicanbes of some or other 
of the upper thoracic spinal ncrvefi to the 
anterior roots of those nerves, and so to the 
spinal cord. In the cat and the dog, and 
prohably in other higher mammals, the chief 
path of the impulses lies in the second and 
third thoracic nerves, though some pass by 
the fourth, and a variable small number by 
the fifth and the first ; in the rabbit the 
path is more widespread, and reaches lower 
down, for while the impulses pass chiefly by 
the fourth and fifth thoracic nerves, some 
pass by the second and third, and others by 
the sixth, seventh, and even eighth nerves. 
The exact path also differs in different indi- 
viduals of the same species. It will be 
observed that from the spinal cord up to the 
annulus of Vieussens, and the lower cervical 
ganglion, these va so -motor impulses for 
the ear, and the augmentor impulses for the 
heart, (cf. Fig. 72) follow much the same 
path ; hut there they part company. We 




Aur. artery of ear. G.C S. unpcrior cervical ranelion. Abd. Sfil. uppec rooti 
of an li part of aMominal splaachnic nerve V.M.C. vaso-motor centre in Kpinal 
bnlb. The other references .iro the same as in Fig. 72. § leo. The piitlis <■( the 
ConetcictoT fibres are Hlieiru bv tbc arnivvB. The doited line along the nii'1[il<> of 
the spina! cord, Sp. C, a to indicate the passa^ of constrictor inipalws down 
the cord from the vaso-motor centre id the spinal bulb. 

can thus trace these vaso-motor impulses backwards along the cer- 
vical sympathetic to the anterior roots of certain thoracic nerves, and 
through these to the thoracic region of the spinal cord, where we 
will for the present leave them. We may, accordingly, speak of 
vaso-motor fibres for the ear as passing from the thoracic spinal 
cord to the ear along the track just marked out ; stimulation of these 
fibres at their origin from the spinal cord, or at any part of their 
course (along the anterior roots of the second, third or other upper 
thoracic nerves, visceral branches [rami comraunicantes] of those 
nerves, ganglion stellatum or upper part of thoracic sympathetic 
chain, annulus of Vieussens. &c. &c.), leads to constriction in the 
blood vessels of the ear of that side ; and section of these fibres 
at any part of the same course tends to abolish any previonsly 
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existing tonic constriction of the blood vessels of the ear, though 
the effect of section ia not so constant or striking as that of 
stimulation. 

§ 167. We must now turn to another case. In dealing with 
digestion we shall have to study the submaxillary salivary gland. 
We may for the present simply say that this is a glandular mass 
well supplied wiUi blood vessels, and possessing a double nervous 
supply. On the one hand it receives fibres from the cervical 
sympathetic, Fig. 74 v. si/m. (in the dog, in which the effects which 
we are about to describe are best seen, the vagus and cervical 
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branch of the tirth nervu. the part n. I. 1g going to the loDgoe. ri. f., rh. f., cK. I". 
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KimtllatioD of tbe gland. They ascend Ui the brain by the lingual and descend bj 
tin chorda lympani. 
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sympathetic are eoclosed in a common sheath so as to form what 
appears to be a single trunk), which reach the gland in company 
with the arteries supplying the gland (n, sym. sm,). On the 
other hand it receives fibres from a small nerve called the chorda 
tympani (ch. (.), which, springing from the 7th cranial (facial) 
nerve, crosses the tympanum of the ear (hence the name), and, 
joining the lingual branch of the 5th nerve, runs for some distance 
in company with that nerve, and then ends partly in the tongue, 
and partly in a small nerve which, leaving the lingual nerve before 
reaching the tongue, runs along the duct of the submaxillary 
gland, and is lost in the substance of the gland ; a small branch 
is also given off to the sublingual gland. 

Now, when the chorda tympani is simply divided, no very 
remarkable changes take place in the blood vessels of the gland, 
but if the peripheral segment of the divided nerve, that still in 
connection with the gland, be stimulated, very marked results 
follow. The small arteries of the gland become very much dilated, 
and the whole gland becomes flushed. (As we shall see later on 
the gland at the same time secretes saliva copiously, but this does 
not concern us just now.) Changes in the calibre of the blood 
vessels are, of course, not so readily seen in a compact gland as in 
a thin extended ear ; but if a fine tube be placed in one of the 
small veins by which the blood returns from the gland, the effects 
on the blood flow of stimulating the chorda tympani become 
very obvious. Before stimulation the blood trickles out in a thin, 
slow stream of a dark venous colour ; during stimulation the blood 
rushes out in a rapid full stream, often with a distinct pulsation, 
and frequently of a colour which is still scarlet and arterial in 
spite of the blood having traversed the capillaries of the gland ; 
the blood rushes so rapidly through the widened blood vessels that 
it has not time to undergo completely that change from arterial to 
venous which normally occurs while the blood is traversing the 
capillaries of the gland. This state of things may continue .for 
some time after the stimulation has ceased, but before long the 
flow from the veins slackens, the issuing blood becomes darker 
and venous, and eventually the circulation becomes normal. 

We shall have occasion later on to speak of the nervi erigenies, 
the stimulation of which gives rise to the erection of the penis. The 
erection of the penis is partly due to a widening of the arteries 
supplying the peculiar erectile tissue of that organ, whereby that 
tissue becomes distended with blood, and the widening is brought 
about by impulses passing along the nerves in question. Obviously 
the chorda tympani and the nervi erigentes contain fibres which 
we may speak of as * vaso-motor * since stimulation of them 
produces a change in, brings about a movement in the blood 
vessels ; but the change produced is of a character the very 
opposite to that produced in the blood vessels of the ear by 
stimulation of the cervical sympathetic. There stimulation of the 
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nerve caused cotitntctioQ of the muscular fibres, cunstrictiou of the 
small arteries; here stimulatiou of the nerve causes awideuuig of 
the arteries, which widening is undoubtedly due to relaxation of 
the muscular tibrea. Heni^e we must distinguiab between two 
kinds of vaso-motor fibres, fibres the stimulatiou of which produces 
constriction, vaao-coiistrictor fibres, and fibres the stimulation of 
wbicli causes the arteries to dilate, vaso-dilatar fibres, the ouo kind 
beini; the antagonist of the other. 

The reader can hardly fail to be struck with the analogy 
between these two kinds of vaso-motor fibres on the one hand, and 
the inhibitory and augmentor fibres of the heart on the other 
hand. The augmentor cardiac fibres increase the rhythm and 
the force of the heart beats ; the vaso-constrictor fibres iucrease 
the contractions of the muscular fibres of the arteries: the one 
works upon a rhythmically active tissue, the other upon a tissue 
whose work ia mure or less continuous, but the effect is in each 
case similar, an increase of the work. The inhibitory cardiac 
fibres slacken or stop the rhythm of the heart and diminish the 
beats ; the vaso-dilator fibres diminish the previously existing 
contraction of the muscular fibres of the arteries so that tliese 
expand under the pressure of the blood. 

We must not attempt here to discuss what is the exact nature 
of the process by which the nervous impulses passing down the 
vaso-dilator fibres thus stop contraction and induce relaxation; 
but we may say that in all probability the process, whatever be 
its nature, is one which takes place in the nmscular fibre itself on 
the arrival of the nervous impulse. In the case of the vaso- 
constrictor fibres, there is no need to presuppose the existence of 
any special terminal nervous mechanism to carry out the con- 
striction of the vessel ; that is to say, the contraction of the muscular 
fibres of its coats, over and above that which exists in the case of 
all motor nerves, and the muscular fibres which they govern. And 
by analogy we have no valid reason to presuppose the existence of 
any special terminal mechanism for the vaso-dilator fibres. We 
have repeatedly insisted that the relaxation of a muscular fibre is 
as mucli a complex vital process, is as truly the result of the 
metabolism of the muscular substance, as the contraction itself; 
and there is a priori no reason why a nervous impulse should not 
govern the former much in the same way as it does the latter. 

§ 168. We must return to the vaso-motor nerves. In the 
chorda tympani, the vaso-motor fibres are exclusively vaso-dilator 
fibres, and this is true both of the part of the nerve ending in the 
submaxillary and sublingual glands, and the rest of the ending of 
the nerve in the tongue. Stimulation of the chorda tympani (so 
far as the vaso-motor functions of the nerve are concerned, for it 
has. as we shall see. other functions), at any part of its course from 
its leaving the facial nerve to its endings in the gland or toc^ue, 
produces only vaso-dilator effects, never vaso-con stricter elTects. 
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The cervical sympathetic, on the other haud, is not exclusively 
vaso-cou stricter. It contains, as we have seen, vaso-con stridor 
fibres for the ear. It also contains vaso-constrictor fibres for other 
regions of the head and face. For instance, the branches of the 
cervical sympathetic going to the submaxillary gland of which we 
'just spoke (Fig. 74 n. syin. sm.), contain vaso-constrictor fibres for 
the vessels of the gland ) stimulation of these fibres produces, on 
the vessels of the gland, an effect exactly the opposite of that 
produced by stimulation of the chorda tympani; to this point we 
shall have to return when we deal with the gland in connection 
with digestion. And we might give other instances; in fact the 
dominant effect on the blood vessels of stimulating the cervical 
sympathetic is a vaso-constrictor effect. There are, however, certain 
cases in which the opposite effect, a vaso-diiator effect, in certain 
regions has been observed as the result of stimulating the cervical 
sympathetic. And we may now turn to other nerves in which 
such a double effect, now a vaso-constrictor, now a vaso-dilatoi 
effect, may be more readily obtained. 

In the frog, as we have seen, division of the nerves of the leg 
leads to a widening of the arteries of the web of the foot of the same 
side, and stimulation of the peripheral end of the nerve causes a 
constriction of the vessels, which, if the stimulation be strong, may 
be so great that the web appears for the time being to be devoid 
of blood. Also in a mammal division of the sciatic nerve causes a 
similar widening of the small arteries of the skin of the leg. 
Wliere the condition of the circulation can be readily examined, 
as, for instance, in the hairless balls of the toes, especially when 
these are not pigmented, the vessels are seen to he dilated and 
injected ; and a thermometer placed between the toes shews a rise 
of temperature amounting, it may be, to several degrees. If, more- 
over, the peripheral end of the divided uerve be stimulated, the 
vessels of the skin become constricted, the skin grows pale, and the 
temperature of the foot falls. And very similar results are obtained 
in the forelimb by division and subsequent stimulation of the 
nerves of the brachial plexus. 

The quantity of blooil present in the blood vessels of a part of the 
"body ot of ail organ of the mammal may sometimes be observed 
ilireetly by meana of the ptethi/sningraph, of which we have already 
spoken (§ 122), but has frt'ijuently to be determined indirectly. The 
temperature of a passive etructure subject to cooHng influences, such u 
the skill, is largely dependent on the supply of blood: the more 
abundant the siijiply, the warmer the part. Hente in these parts 
variations in tlie quantity of blood may be inferred from variations of 
temperature ; but in dealing with more active Btnii^tnrea, such as muscles, 
there are obviously sources of error in the possibility of the treatment 
adopted, such as the stimulation of a nerve, giving rise to an increase of 
temperature due to increased metabolism, independent of variations in 
blood supply. 
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So far, the results are quite like those obtaiued by division and 
stjmulatiou of the cervical sympathetic, and we might infer that 
the sciatic nerve and brachial plexus contain vaso-cunstrictor fibres 
only for the vessels of the skin of the hind limb and fore limb, 
vaso-dilator fibres being absent. But sometimes a difierent result 
is obtained ; od stimulating the divided sciatic nerve the vessels 
of the foot are not constricted but dilated, perhaps widely dilated. 
And this vasu-dilatoT action is almost sure to be manifested wheu 
the nerve is divided, and the peripheral stump stimulated some 
time, two to four days, after division, by which time commencing 
degeneration has begun to modi^ the irritability of the nerve. 
For example, if the sciatic be divided, and some days after- 
wards, by which time the flushing and increased temperature uf 
the foot, following upon the section, has wholly or largely passed 
away, the peripheral stump be stimulated with an interrupted 
current, a renewed flushing and rise of temperature is the result. 
We are led to conclude that the sciatic nerve (and the same holds 
good for the brachial plexus) contains both vaso-constrictor and 
vaso-dilator fibres, and to interpret the varying result a« due to 
variations in the relative irritability of the two sets of fibres. The 
constrictor fibres appear to predominate in these nerves, and hence 
constriction is the mure common result of stimulation ; the con- 
strictor fibres also appimr to be more readily affected by a tetanizing 
current than do the dilator fibres. Wheu the nerve, after division, 
commences to degenerate, the constrictor fibres lose their irrita- 
bility earlier than the dilator fibres, so that at a certain stage 
a stimulus, such as the interrupted current, while it fails to affect 
the constrictor tibres, readily throws into action the dilator fibres. 
The latter, indeed, appear to retain their irritability after section 
of the nerve for a much longer time than do ordinary motor nerves 
(§ 83). The result is perhaps even still more striking if a 
mechanical stimulus, such as that of "crimping" the nerve by 
repeated snips with the scissors, be employed. Exposure to a low 
temperature again seems to depress the constrictors more than the 
dilators ; heace when the leg is placed in ice-cold water stimulation 
of the sciatic, even when the nerve has been but recently divided, 
throws the dilator only into action, and produces flushing of the 
skin with blood. Slow, rhythmical stimulation, moreover, of even a 
freshly divided nerve may produce dilation. And there are other 
facts which support the same view that the sciatic nerve (and 
brachial plexus) contains both vaso-constrictor and vaso-dilator 
tibres which are differently affected by different circumstances. We 
may point out that the case of the vagus of the frog is a very 
analogous one ; in it are both cardiac inhibitory (true vagus) and 
cardiac augmentor (sympathetic) fibres, but the former, like the 
vaso-constrictor fibres in the sciatic, are predominant, and special 
means are required to shew the presence of the latter. 

In the splanchnic nerves which supply fibres to the blood 
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vessels of 80 large a part of the abdomioal viscera, there is abundant 
evidence of the presence of vaso-conatrictor fibres. Division of this 
uerve leads to a widening of the blood vessels of the abdominal 
viscera, sLimulation of the nerve to a constriction ; and. as we alisll 
see, since the amount of blood vessels thus governed by this ner\"e 
is very large indeed, interference either in the one direction or the 
other with its vaso-motor functions produces very marked resulU, 
not only on the circulation in the abdomen, but on the whole 
vascular system. There is some evidence that the splanchnic 
nerves also contain vaso-dilator fibres, but this evidence is of a 
more orless indirect character, and in any case, the number of such 
fibres must be small 

So far as we know, the vaso-motor fibres contained in the 
sciatic and the like spinal nerves are distributed chiefly at 
least to the blood vessels of the skin. Though so lai^e a part of 
the fibres of these nerves end in the muscles, the evidence of 
vaso-motor fibres passing to the blood-vessels of the muscles is by 
no means clear and undisputed. The blood vessels of a muscle 
undoubtedly may change in calibre. For instance, when a muscle 
contracts there is always an increased flow of blood through 
the muscle ; this may be in part a mere mechanical result of the 
change of form, the shortening and thickening of the fibres 
opening out the minute blood vessels, but is also, if not chiefly, 
due to the widening of the arteries by muscular relaxation. Such 
a widening may be seen when a thin muscle of a frog is made, 
in the living body, to contract under the microscope. But this 
widening has not been proved beyond dispute to be due to the 
action of vaso-dilator fibres. Indeed, it Ims been argued that 
when a muscle contracts, some of the chemical products of 
the metabolism of the muscle may, by direct, local action oa 
the minute blood vessels, lead to a widening of those blood 
vessels. And in some other organs, the brain and the kidney, 
for instance, we find functional activity accompanied by a widening 
of the blood vessels under circumstances which seem to preclude 
the possibility of the widening being due to vaso-dilator impulses 
reaching the oigau from without i in such instances it is suggested 
that the widening is due to a local effect of the products of the 
activity of the organ. To this point we shall return. With 
regard to vaso-constrictor fibres, also, the evidence that they are 
supplied to muscles is, in like manner, not beyond dispute. 
Section or stimulation of the nerves induces, it is true, changes in 
the temperature of the muscles as it does in that of the skin. 
But, as we urged just now, to argue from this that changes in the 
blood supply have taken place is not wholly safe; moreover, the 
changes in temperature observed are slight. Again, the fact that 
when the nerve of a muscle is divided the blood vessels of the 
muscle widen, somewhat like the blood vessels of the ear after 
division of the cervical sympathetic, has been brought forward i 
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indicating the presence of vaso-constrictor fibres canyiug the kind 
of inttuence which we called tonic, leading to an habitual moderate 
constriction. Neither arguments can be regarded as absolutely con- 
clusive. The knowledge we possess at present leaves us in fact in 
doubt whether the blood How through the muscles, though these 
form so large a part of the body, is really governed by the central 
nervous system. 

The two parts of the body undoubtedly and pre-eminently 
supplied by vaso-constrictor fibres proceeding from and governed 
by the central nervous system are, on the one hand, the skin, 
and on the other hand the abdominal viscera. As we shall see, the 
variations in the blood supply to the skin are more strikingly 
of use to tiie body at large, in regulating the temperature 
of the body, for instance, than they are to the skin itself. 
The variations in the blond supply to the abdominal viscera also- 
ser\'e important general purposes ; they play their part in the 
regulation of the temperature of the body, and through them the 
viscera serve as a reservoir to which blood may without harm be 
shunted when occasion demands. It would appear as if the vaso- 
constrictor mechanism were chiefly used for the general purposes 
of the economy. 

Accepting the view that the presence ot vaso-dilator fibres in 
the nerves going to muscles is not definitely proved, and disregard- 
ing the scanty and more or less obscure vaso-dilators of the sciatic 
and other spinal nerves, wo find that in special cases only, in cases 
where it would seem that special means are needed to secure an 
ample flow of blood through a particular part, unmistakably 
vaso-dilator fibres are present 

The Course of Vasff-motor Fibres. 

S9. Both the vaso-constrictor and the vaso-dilator fibres 
Ibave their origin in the central nervous system, the spinal cord or 
■the brain, but it will be desirable to speak of the course of the 
iitWo sets separately. 

Vaso-constrictor Fibres. In the mammal, so far as we know 

Btt present, all the vaso-constrictor fibres for the whole body take 

^%eir origin in the middle region of the spinal cord, or rather, 

leave the spinal cord by the nerves belonging to this middle 

Bwgion. Thus in the dog the vaso-constrictor fibres, not only for 

Pitiie tnink but for the limbs, head, face and tail, leave the spinal cord 

ftby the anterior roots of the spinal nerves reaching from about the 

lecond thoracic to the fourth lumbar nerve, both inclusive, though 

iome few may pass by the first thoracic and by the fifth lumbar. 

Those for the head and neck leave the spinal cord, as we have 
•een, § 166, chiefiy by the second and third thoracic nerves, 
though some leave by the fourth and a variable small number by 
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the fifth and by the first ; those for the fore limbs leave bj 
a number of thoracic nerves reaching from the fourth to the 
ninth, or even the tenth, those by the seventh being the roost 
numerous. Those for the hind limbs leave by the nerves reaching 
from the eleventli thoracic to the third lumbar, some passing bjr 
the tenth thoracic and the fourth lumbar. Those for the tail 
leave by the first, second and third lumbar. And those for the 
trunk leave by the successive spinal ner\-eB supplying the trunk. 
This arrangement may be taken as indicating generally how 
these fibres leave the spinal cord, bearing in mind that the fourth 
lumbar nerve of the dog corresponds to about the second lumbar 
of man, and that the details differ in different kinds of animals 
and, indeed, in different individuals. 

Running in the case of each nerve root to the mixed nerve trunk, 
these vaso-con stricter fibres pass along the visceral branch, white 
ramus communicans, to the thoracic and abdominal sympathetic 
ganglia (Fig. 73). From thence they reach their destination in 
various ways. Thus, those going to the head and neck pass upward 
through the annulus of Vieussens to the lower cervical ganglion, and 
thence, as we have seen, up the cerii'ical sympathetic ; many of the 
fibres for the neck, however, pass directly from the stellate ganglion. 
Those for the abdominal viscera pass off in a similar way by the 
splanchnic nerves. Fig. 73, aid. spl. and by smaller nerves joining 
the inferior mesenteric ganglion. Those destined for the arm, 
making their way backwards by grey rami communicantes 
(Fig. 24 r. v.), join the nerves of the brachial plexus ; while those 
for the hind leg pass in a similar way through some portion of the 
abdominal sympathetic before they join the nerves of the sciatic 
plexus. These, as we have seen, are distributed chiefly to the skin, 
and the constrictor fibres of the skin of the trunk probably reach 
the spinal nerves in which they ultimately run in a similar 
manner All the vaso -constrictor fibres, whatever their destin- 
ation, leave the spinal cord by the anterior roots of spinal 
nerves, and then passing through the appropriate visceral branches, 
join the thoracic or abdominal sympathetic ganglia. In their 
course the fibres undergo a remarkable change. Along the anterior 
root and along the visceral branch they are medullat«d fibres, but 
before they reach the blood vessels for which they are destined 
they become noo-medullated fibres ; they appear to lose their 
medulla in some or other of the ganglia. 

We are in many cases able to determine experimentally by the 
following method, the ganglion or ganglia in which particular 
fibres end ; that is to say, in which they become connected with 
nerve cells. It is found that the drug nicotin abolishes or 
suspends the action of vaso-motor fibres and of other fibres 
running in the sympathetic system. Thus in a rabbit, after a 
certain dose of nicotin has been given, stimulation of the cervical 
flympathetic nerve in the neck no longer causes constriction of 
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the vessels of the ear. Hut it is found in such cases that tbouyh 
atimulation of the trunk of the nerve in the neck is without effect, 
stimulation of the appropriate nerve branches passing off Ironi the 
superior cervical ganglion on tliejr way to the ear, does produce 
constriction of the vessels of the ear. Obviously the nicotin does 
nut atTect the peripheral fibres and endings of the nerve, but some 
part of the nerve more central than the branches proceeding from 
llie superior cervical ganglion. Further, if the ganglion itself be 
cautiously painted with a weak (1 p.c.) solution of nicotin, care 
being taken to avoid excess, stimulation of the nerve in the neck 
has no effect on the vessels of the ear, whereas if the nicotin be 
applied to a corresponding extent to the trunk of the nerve in the 
neck, none being allowed to have access to the ganglion, stimu- 
latiou of the trunk in the neck, even if applied to the very spot on 
which the nicotin has been placed, produces the usual constriction 
of the vessels of the ear. Obviously the nicotin produces its 
paralysing effects by acting on the nerve cells, or on the fibres just 
as they are becoming connected with nerve cells. If the solution 
of nicotin be applied not to the upper, but to the middle or to the 
lower cervical ganglion, stimulation of the nerve between the 
ganglion and the spinal cord produces the usual constrictor effects. 
This shews that the constrictor fibres pass through tlie lower and 
the middle ganglion as fibres, not connected with cells, otherwise 
they would be here affected by nicotin ; they are affected by 
nicotin in the upper ganglion, and we therefore infer that they 
end in, that is, are connected with cells in that ganglion. In the 
same way it may be found that tlie vaso-coiistrictor fibres of the 
abdominal splanchnic are connected with cells in the solar plexus. 
Indeed, by this method we may determine in what ganglia the 
vaso-con stricter and other fibres of the sympathetic system end ; 
and a remarkable distribution, determined by morphological causes 
among others, has in this way been made out, some fibres very 
speedily becoming connected with nerve cells, others running a 
very long course before they so end. 

We may add that in the anterior roots, and along the visceral 
branches, in fact until they become connected with cells, these 
fibres are invariably medullated fibres of small diameter, not more 
than IS fi to S & ft in diameter. 

§ 170. Vaso-dilaior Fibres. Some of these appear to run 
much the same course as the vaso-constrictora Such are the 
vaso-dJIator fibres running in spinal nerves like the sciatic and 
brachial, those which seem to be present in the splanchnic, and 
certain fibres of the cervical sympathetic which in some animals 
at least act as vaao-dilators towards certain parts of the mouth 
and face. With regard to these, the evidence of whose existence, 
as we have seen, is at least in most cases, difficult, special or 
indirect, we have at present no proof that their general coarse 
is essentially different from that of the constrictors. 
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The more distinct aud notable vaso-dilators, however, do run 
a different course. These are found in the nerves coming from 
the cranial and sacral regions of the central nervous s}-steiu 
whence, as we have seen, no vaso-constrictor fibres are knowo to 
issue. Thus the vaso-dilator fibres for the sub-inaxillary gland 
running in the chorda tympani may be traced, as we have seen, 
back to the facial or seventh nerve ; and the contiuuatiou of the 
chorda tympani along the lingual nerve to the tongue contains 
vaso-dilator fibres for that oi^an ; when the lingual is stimulated. 
the blood vessels of the tongue dilate, owing to the stimulntJou of 
the conjoined chorda tympani 6bn;s, The ramus tympanicus 
of the glossopharyngeal nerve contains vaso-dilator fibres for the 
parotid gland, and it api)ears probable that the trigeminal nerve 
contains vaso-dilator fibres for the eye and nose and possibly for 
other parts. The vaso-dilator fibres which pass into the nerri 
erigentea, leave the sacral region of the curd by the anterior roots 
of the sacral nerves, the particular nerves differing in difl'erent 
animals; thus in the dog and cat they pass by the first, second, 
and third, in the rabbit by the second, third and fourth, in man 
by the third, fourth, and fifth sacral nerves. 

In these instances the vaso-dilator fibres, as they leave the 
central nervous system, are, like the vaso-constrictor fibres, fine 
medullated fibres, but, unlike the majority, at least, of the vaso- 
constrictors they retain their medulla for the greater part of 
their course, and only lose it near their termination in the tissue 
whose blood vessels they supply. 



Tfie Effects of Vaso-motor Actions. 

§ 171. A very little consideration will shew that vaso-motor 
action is a most important factor in the circulation. In the first 
place the whole flow of blood in the body is adapted to and 
governed by what we may call the gentral tone of the arteries of 
the body at large. In a normal condition of the body, the 
muscular fibres of a very large number of the minute arteries 
of the body are in a state of tonic, t. e. of moderate contractiou, 
and it is the narrowing due to this contraction which forms a 
large item of that peripheral resistance which we have seen to be 
one of the great factors of blood pressure The normal general 
blood pressure, and, therefore, the normal flow of blood, is, in 
fact, dependent on the 'general tone' of the minute arteries. 

lu the second place, local vaso-motor changes in the condition 
of the minute arteries, changes, that is to say, of any particular 
vascular area, have very decided effects on the circulation. These 
changes, though local themselves, may have effects which are botb 
local and general, as the following considerations will shew. 

Let us suppose that the artery A is in a condition of normal 
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[tone, is midway between extreme coastrictjou and dilation. The 
flow through A is determined by the lesistance ia A, and in the 
vascular tract which it supplies, in relation to the mean arterial 
pressure, which, again, is dependent on the way in which the heart 
la beating, and on the peripheral resistance of all the small arteries 
and capillaries, A included. If, while the heart and the rest of 
the arteries remain unchanged, A be constricted, the peripheral 
resistance in A will increase, and this increase of resistance will 
lead to an increase of the general arterial pressure. Since, as we 
have seen, § 119, it is arterial pressure which is the immediate 
cause of the flow from the arteries to the veins, this increase of 
arterial pressure will tend to drive more blood from the arteries 
into the veins. The constriction of A, however, by increasing the 
resistance, opposes any increase of the Dow through A itself, in fact 
will make the flow through A less than before. The whole increase 
of discharge from the arterial into the venous system will take 
place through the arteries in which the resistance remains un- 
changed, that is, through channels other than A. Thus, as the 
result of the constriction of any artery, there occur, (1) diminished 
flow through the artery itself, (2) increased general arterial 
pressure, leading to (3) increased flow through the other arteries. 
If, on the other hand, A be dilated, while the heart and other 
arteries remain unchanged, the peripheral resistance in A ia 
diminished. This leads to a lowering of the general arterial 
pressure, which in turn tends to drive less blood from the arteries 
into the veins. The dilation of A, however, by diminishing the 
resistance, permits, even with the lowered pressure, more blood to 
pass through A itself than before. Hence the diminished flow 
tells all the more on the rest of the arteries in which the resistance 
remains unchanged. Thus, as the result of the dilation of any 
artery, there occur, (1) increased flow of blood through the artery 
itself, (2) diminished general pressure, and (3) diminished flow 
through the other arteries. Where the artery thus constricted or 
dilated is small, the local effect, the diminution or increase of flow 
through itself, is much more marked than the general effects, the 
change in blood pressure and the flow through other arteries. 
When, however, the area, the arteries of which are affected, is large, 
the general efl'ects are very striking. Thus, if, while a tracing of 
the blood pressure is being taken by means of a manometer 
connected with the carotid artery, the abdominal splanchnic nerves 
be divided, a conspicuous but steady fall of pressure is observed, 
very similar to but more marked than that which is shewn in 
fig. 75. The section of the abdominal splanchnic nerves causes 
"' le arteries of the abdominal viscera to dilate, and these being 
:ry numerous, a large amount of peripheral resistance is taken 
iway, and the blood pressure falls accordingly ; a large increase 
" flow into the portal veins takes place, and the supply of blood 
the face, arms, and legs is proportionally diminshed. It will 
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be observed that the dilation of the arteries is not instantaneons 
but somewhat gradual, as shewn by the pressure siuking, not 
abruptly but with a gentle curve. 

The general eifects on blood pressure by vaso-motor changes 
are so marked that the manometer may be used to detect %'afio- 
motor actions. Thus, if the stimulation of a particular nerve, or 
any other operation, leads to & marked rise of the mean blood 
pressure, unaccompanied by any notable changes in the bean bent, 
we may infer that constriction has taken place in the arteries of 
some considerable vascular area ; and similarly, if the efTecl be 
a fall of blood pressure, we may infer that constriction has given 
way to dilation. 



Vaso-motor Functions of the Central Nervous System. 

§ 172. The central nervous system, to which we have traced 
the vaso-motor nerves, makes use of these nerves to regulate the 
flow o( blood through the various organs and parts of the body ; 
by the local effects thus produced it assists or otherwise inlluenctis 
the functional activity of this or that organ or tissue ; by the 
general effects it secures the well being of the body. When the 
vaso-dilators are brought into play the chief efi'ect is a Iwal 
one ; when a general effect has to be produced the vaso-con- 
strictors are employed, though these of course also bring about 
local effects. And we may consider the two separately. 

The vaso-dilator nerves, the use of which is more simple 
than that of the vaso-constrictors, in so far as it appears not 
to be complicated by the presence of habitual tonic influences, 
occur as parts of distinct mechanisms used chiefly at least as 
reflex mechanisms, with centres placed in different regions of the 
central nervous system. Thus, when food is placed in the mouth, 
afferent impulses, generated in the nerves of taste, give rise in 
the central nervous system to eff'erent impulses, which descend 
the chorda tympani and other nerves to the salivary glands and. 
by dilating the blood vessels, secure a copious flow of blood 
through the glands, while, as we shall see later on, they excite 
the glands to secrete. The centre of this reliex action appearfl 
to lie in the spinal bulb, and may be thrown into activity not 
only by impulses reaching it along the specific nerves of taste, 
but also by impulses passing along other channels ; thus, emotions 
started in the brain by the sight of food or otherwise may give 
rise to impulses passing down along the central nervous system 
itself to the spinal bulb, or events in the stomach may send 
imi>ulses up the vagus ner^'e, or stimulation of one kind or another 
may send impulses up almost any sentient nerve, and these 
various impulses reaching the spinal bulb may, by reflex action, 
throw into activity the vaso-dilator fibres of the chorda tympani 
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and otlier analogous nerves, and bring about a flushing of the 
salivary glands, while at the same time they cause the glauds to 
secrete. 

The vaso-dilator fibres of the nervi erigentes may be thrown 
into activity in a similar retiex way, the centre, which is also 
easily thrown into activity by impulses descending down the spinal 
cord from the brain, being placed in the sacral, and perhaps also 
in the upper lumbar or lower thoracic region of tlie spinal cord. 
That such a centre does exist is shewn by the fact that when, 
in a dog, the spinal cord is completely divided in the thoracic 
region, erection of the penis may readily be brought about by 
stimulation of apprupriate sentient surfaces. And other instances 
might be quoted in which vasewlilator fibres appear as part of a 
reflex mechanism the centre of which is placed in the central 
nen-ous system not far from the origin of the nerves in which the 
vaso-dilator fibres run. 

But, as we have seen, the instances in which we have clear and 
direct evidence of vaso-dilator fibres, as distinguished from those 
in which the evidence is indirect and sometimes not decided, are 
on the whole few. In some of these cases the flushing of the 
organs by means of vaso-dilator fibres is a very special act, 
securing a very special purpose. This is notably the case with 
the nervi erigentes ; and in the dog, which uses its mouth and 
especially the tongue as a means of cooling the body, we may 
recognise an advantage in the tongue and other parts of the 
mouth being provided with distinct vaso-dilator fibres. But the 
object of the special supply to the salivary glands is not so clear ; 
tor these glands are singular in this res)wct. since we have not, in 
the case of other glands or of the glandular walls of the alimentary 
canal, similarly sharp evidence of distinct vaso-dilator mechanisms. 

§ 173. Turning now to the vaso-constrictor fibres, we find 
that these form a more coherent system ; and this is in accordance 
with the feature of the vaso-constrictor mechanisms, that they are 
largely employed to produce general efi"ect8. Moreover, their utility 
is increased, though at the same time their use becomes somewhat 
more complicated, by reason of the existence of tonic influences ; 
since the same fibres may, on the one hand, by an increase in the 
impulses passing along tliem, be the means of constriction, and 
on the other hand, by the removal or diminution of the tonic 
inflaences passing along them, be the means of dilation. We have 
already traced all the vaso-constrictor fibres from the middle 
region of the spinal cord to the sympathetic system in the thorax 
and abdomen; from thence they pass (1) by the splanchnic, 
hypogastric, and other nerves to the viscera of the abdomen and 
pelvis, (concerning the vaso-motor ner\'es of the thoracic viscera 
we know at present very little), (2) by the cervical sympathetic 
to the skin of the head and neck, the salivary glauds and mouth, 
the eyes and other parts, and possibly the brain including its 
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membranes, though the presence of vaso-motor fibres in the 
brain itself is much disputed, (3) by the brachial and sciatic 
plexuses to the skin of the fore- and hind-limbs, and by various 
other nerves to the skin of the trunk. The chief parts of the 
body supplied by vaso-constrictor fibres appear to be the skin 
with its appendages, and the alimentary canal with its appendages, 
glandular and other ; the great mass of skeletal muscles appears, 
as we have seen, to receive a relatively small supply of vaso-con- 
strictor fibres. 

If in an animal the spinal cord be divided in the lower thoracic 
region, the skin of the legs becomes flushed, their temperature 
frequently rises, and there is a certain amount of fall in the 
general blood pressure as measured, for instance, in the carotid; 
and this state of things may last for some considerable time. 
Obviously the section of the spinal cord has cut oflf the usual tonic 
influences descending to the lower limbs ; in consequence the 
blood vessels have become dilated, in consequence the general 
peripheral resistance has become proportionately diminished, and 
in consequence the general blood pressure has fallen. The tonic 
vaso-constrictor impulses for the lower limbs, therefore, have their 
origin in the central nervous system higher up than the lower 
thoracic region of the spinal cord. 

If the spinal cord be divided higher up, say above the roots of 
the fifth or sixth thoracic nerves, the cutaneous blood vessels of 
the lower limbs dilate, as in the former case, and on examination 
it will be found that the blood vessels of the abdomen are also 
largely dilated ; at the same time the blood pressure undergoes a 
very marked fall, it may indeed be reduced to a very few milli- 
meters of mercury. Obviously the tonic vaso-constrictor impulses 
passing to the abdomen and to the lower limbs take origin in the 
central nervous system higher up than the level of the fifth 
thoracic nerve. 

If the section of the spinal cord be made above the level of 
the second thoracic nerve, in addition to the abovementioned 
results the vessels of the head and face also become dilated ; but 
in consequence of the fall of general blood pressure just mentioned, 
these vessels never become so full of blood, the loss of tone is not 
so obvious in them as after simple division of the cervical sym- 
pathetic, since the latter operation produces little or no effect on 
the general blood pressure. 

Obviously then the tonic vaso-constrictor impulses, which 
passing to the skin and viscera of the body maintain that tonic 
narrowing of so many small arteries by which the general peri- 
pheral resistance, and so the general blood pressure, is maintained, 
proceed from some part of the central nervous system higher up 
than the upper thoracic region of the spinal cord. And, since 
exactly the same results follow upon section of the spinal cord in 
"<^,rvical region right up to the lower limit of the spinal 
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bulb, we infer that these tonic impulses proceed from the spinal 
bulb. 

Ou the other hand we may remove the whole of the brain 
right down to the upper limits of the spinal bulb, and yet produce 
no Hushing, or only a slight transient Hushing, of any part of the 
body and no fall at all, nr only a slight transient fall, of the 
general blood pressure. We therefore seem justified in assuming 
the existence in the spinal bulb of a nervous centre, which we 
may speak of as a vaso-motor centre, or the bulbar vaso-motor 
centre, from which proceed tonic vaso-constrictor impulses, or 
which regulates the emission and distribution of such tonic vaso- 
constrictor impulses or influences over various parts of the body. 

§ 174. The existence of this vaso-motor centre may, moreover, 
be shewn in another way. Tlie extent or amount of the tonic 
constrictor impulses proceeding from it may be increased or 
diminished, the activity of the centre may be augmented or 
inhibited, by impulses reaching it along various afferent nerves; 
and provided no marked changes in the heart beat take place at 
the same time, a rise or fall of general blood pressure may be 
taken as a token of an increase or decrease of the activity of the 
centre. 

In the rabbit there is found in the neck, lying side by side 
with the cervical sympathetic nerve and running for some distance 
in company with it, a slender nerve which may be ultimately 
traced down to the heart, and which, if traced upwards, is found to 
come off somewhat high up from the vagus, by two or more roots, 
one of which is generally a branch of the superior laryngeal nerve. 
This nerve (the fibres constituting which are in the dog bound up 
with the vagus, and do not form an independent nerve) appears 
to be exclusively an afferent nerve ; when after division of the 
nerve the peripheral end, the end still in connection with the 
heart, is stimulated no marked results follow. The beginnings of 
the nerve in the heart are therefore quite different from the 
endings of the inhibitory fibres of the vagus, or of the augmentor 
fibres of the sympathetic system; the nerve has nothing to do 
with the nervous regulation of the heart treated of in Sec. 5. 
If now, while the pressure in an artery such as the carotid is being 
registered, the central end of the nerve (i.e. the one connected 
with the brain) be stimulated with the interrupted current, a 
gradual but marked fall of pressure (Fig. 75) in the carotid is 
observed, lasting, when the period of stimulation is short, some 
time after the removal of the stimulus. Since the beat of the 
heart is not markedly changed, the fall of pressure must be due to 
the diminution of peripheral resistance occasioned by the dilation 
of some arteries. And it is probable that the arteries thus 
dilated are chiefly if not exclusively those arteries of the ab- 
' iminal viscera which are governed by the splanchnic nerves; for 
these nerves are divided on both sides previous to the experi- 
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ment, the fall of pressure when the nerve is stimulated is very 
small, in fact almost insignificant. The inference we draw is as 
follows. The afferent impulses passing upwards along the nerve 
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Fig. 75. Tracing, shewing the Effect on Blood Pressure of vmarLATifso 

THE CENTRAL END OF THE DEPRESSOR NeRVB IN THE RaBBIT. 

On the time marker below the intervals correspond to seconds. At x an intermpted 

current was thrown into the ner\'e. 

in question have so affected some part of the central nervous 
system that the influences which, in a normal condition of things, 
passing along the splanchnic nerves keep the minute arteries of 
the abdominal viscera in a state of moderate tonic constriction, 
fail altogether, and those arteries in consequence dilate just as 
they do when the splanchnic nerves are divided, the eflfect being 
possibly increased by tlie similar dilation of other vascular areas. 
Since stimulation of the nerve of which we are speaking always 
produces a fall, never a rise of blood pressure, the amount of fall 
of course being dependent on circumstances, such as the condition 
of the nervous system, state of blood pressure and the like, the 
nerve is known by the name of the depressor nerve. As we shall 
point out later on, by means of this afferent nerve from the 
heart the peripheral resistance is, in the living body, lowered to 
suit the weakened powers of a labouring heart. 

This gradual lowering of blood pressure by diminution of 
peripheral resistance affords a marked contrast to the sudden 
lowering of blood pressure by cardiac inhibition ; compare Fig. 75 
with Fig. 71. 

§ 175. Rut the general blood pressure may be modified by 
afferent impulses passing along other nerves than the depressor, 
the modification takin^j on, according to circumstances, the form 
either of decrease or of increase. 

Thus, if in an animal placed under the influence of urari 
(some anesthetic other than chloral &c. being used), the central 
stump of the divided sciatic nerve be stimulated, an increase 
of blood pressure (Fig. 76) almost exactly the reverse of the 
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decrease brought about by stimulatiug tlie depressor, is observed. 
The curve of the blood pressure, after a latent period during which 
no changes are visible, rises steadily, reaches a maxim urn and 




sooD slowly falls again, the fall sumetimes beginning to appear 
before the stimulus has been removed. This rise of pressure, 
since it may be observed in the absence of any increase in the 
heart bent, such at least as could give rise to it, must he due to 
the constriction of certain arteries; the arteries in question being 
those of the splanchnic area certainly, and possibly those of other 
vascular areas as well The effect is not confined to the sciatic ; 
stimulation of any nerve containing afferent fibres may produce 
the same rise of pressure, and so constant ia the result that the 
experiment has been made use of as a method for determining the 
existence of afferent fibres in any given nerve and even the paths 
of centripetal impulses through the spiual cord. 

If, on the other hand, the animal be under the influence 
not of uran but of a large dose of chloral, instead of a rise of 
blood pressure a fall, very similar to that caused by stimulating 
the depressor, is observed when an afferent nerve is stimulated. 
The condition of the central nervous system seems to determine 
■whether the effect of afferent impulses on the central nervous 
system is one leading to an augmentation of vaso-constrictor 
impulses, and so to a rise, or one leading to a diminution of vaso- 
constrictor impulses and so to a fall of blood pressure. 

§ 176. We have used the words ' central nervous system ' in 
speaking of the above; we have evidence, however, that the part 
of the central nervous system acted on by the afferent impulses 
is the vaso-motor centre in the spinal bulb, and that the effects in 
the way of diminution (depressor) or of augmentation (pressor) are 
the results of afferent impulses inhibiting or augmenting the tonic 
activity of this centre or of a part of this centre especially 
connected with the splanchnic nerves. The whole brain may be 
removed right down to the bulb, and yet the effects of stimulation 
in the direction either of diminution or of augmentation may still 
be brought about. If the bulb be removed, these effects are no 
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longer seoD, though all the rest of the nervous system bo left intact 
Nay, more, by partially interfering witli the bulb, we may partially 
diminish these effects and mark out, so to speak, the limits of 
the centre in question within the butb itself. Thus, in an intAct 
animal under nrari, stimulation of the sciatic nerve with a stimulus 
of a certain strength will produce a rise of blood pressure up to 
a certain extent. After removal of the whole brain right down 
to the bulb, the same stimulation will produce the same rise as 
before ; the vaso-motor centre has not been interfered with, Pro- 
ceeding downwards, however, and removing the bulb piecemeal 
by successive transverse sections a level is soon met with, l>eyond 
which removal of the nervous substance causes an obvious dim- 
inution iu the effect produced by the stimulation of the sciatic ; 
this marks the upper limit of the centre. Proceeding still further 
downwards with successive slices, stimulation of the sciatic pro- 
duces less and less rise of blood pressure, until at last a level is 
reached, at which even strong stimulation of the sciatic or any 
other afferent nerve produces no effect at all on blood pressure; 
this marks the lower limit of the centre. In this way the lower 
limit of the bulbar vaso-motor centre has been determiniid in 
tile rabbit at a horizontal line drawn about 4 or 5 mm. above the 
point of the calamus scriptorius, and the upper limit at about 
4 mm. higher up, i.f. about 1 or 2 mm. below the corpora quadri- 
gemina. We may add that the centre appears to be bilateral, 
the halves being placed not in the middle line but more sideways 
and rather nearer the anterior than the posterior surface. But 
we will reserve what we have to say as to the structural features 
of this centre until we come to study the spinal bulb in detail. 

§ 177. The above experiments appear to afford adequate evi- 
dence that, in a normal state of the body, the integrity of the 
bulbar vaso-motor centre is essential to the production and dis- 
tribution of those continued constrictor impulses by which the 
general arterial tone of the body is maintained, and that an 
increase or decrease of vaso -constrictor action in particular arteries, 
or in the arteries generally, is brought about by means of the same 
bulbar vaso-motor centre. But we must not therefore conclude 
that this small portion of the spinal bulb is the only part of 
the centra! nervous system which can act as a centre for vaso-con- 
strictor fibres; and, so we have seen, there is no evidence at 
present that the vaso-dilator fibres are connected with either this 
or any other one centre. In the frog reflex vaso-motor effects may 
be obtained by stimulating various afferent nerves after the whole 
spinal bulb has been removed, and, indeed, even when only a com- 
paratively small portion of the spinal curd has been left intact, and 
connected, on the one hand, with the afferent nerve which is being 
stimulated, and, on the other, with the efferent nerves in which 
run the vaso-motor fibres, whose action is being studied. In the 
mammal such effects do not so readily appear, but may with care 
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and under special conditions be obtained. Thus in the dog, when 
the spinal cord is divided in the thoracic region, the arteries of the 
hind limbs and hinder part of the body, as we have already said, 
§ 172. become dilated. This one would naturally expect as the 
result of iheir severance from the bulbar vaso-motor centre. 
But if the animal be kept in good condition for some time, a 
normal or nearly normal arterial tone is after a while re-estab- 
lished ; and the tone thus regained may, by afferent impulses 
reaching the cord below the section, be modified in the direction 
certainly of diminution, i.e. dilation, and possibly, but this is not 
so certain, of increase, i.e. constriction ; dilation of various cutane- 
ous vessels of the limbs may be readily produced by stimulation 
of the central stuinp of one or another nerve. 

These remarkable results, which, though they are most striking 
in connection with the lower part of the spinal cord, hold good 
apparently for other parts also of the spinal cord, naturally suggest 
a doubt whether the explanation just given above of the effects 
of section of the spinal bulb ia a valid one. When we come to 
study the central nervous system, we shall again and again see 
that the immediate efiect of operative interference with these 
delicate structures is a temporary suspension of nearly all their 
functions. This is often spoken of as ' shook ' and may be in part 
at least regarded as an extreme form of inhibition. An example 
of it occurs in tlie above experiment of section of the thoracic cord. 
For some time after the operation the vaso-dilator nervi erigentes 
(which have no special connection with the bulbar vaso-motor 
centre) cannot be thrown into activity as part of a reflex action ; 
their centre remains for some time inactive. After a while, 
however, it recovers, and erection of the penis through the nervi 
erigentes may then be brought about by suitable stimulation of 
sensory surfaces. Hence the question may fairly be put whether 
the effects of cutting and injuring the structures which we have 
spoken of as the bulbar vaso-motor centre, are not in reality 
simply those of shock, whether the vascular dilation which follows 
upon sections of the so-called bulbar vaso-motor centre, does not 
come about because section of or injury to this region exercises a 
strong depressing influence on all the vaso-motor centres situated 
in the spinal cord below. Owing to the special function of the 
spinal bulb in carrying on the all-important work of respiration, 
a mammal whose bulb has been divided cannot be kept alive for 
any length of time. We cantiot, therefore, put the matter to the 
simple experimental test nf extirpating the supposed bulbar vaso- 
motor centre, and seeing what happens when the animal has 
completely recovered from the effects of the operation : we have 
to be guided in our decision by more or less indirect arguments. 
And against the argument that the effects are those of shock, 
we may put the argument, evidence for which we shall meet with 
in dealing with the central nervous system, that when one part of 
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the central nervous system is removed, or in any way placed hora 
de combat, another part may vicariously take on its function ; in 
the absence of the bulbar vaso-motor cfintre, its function may be 
performed by other parts of the spinal cord which in its presence 
do no such work. 

And we may, in connection with this, call attention to the fact 
that the dilation or loss of tone which follows upon section of the 
cervical sympathetic (and the same is true of the splanchnic) 
is not always, though it may be sometimes, permanent ; in a 
certain number of cases it has been found that after a while, it 
may be not until after several days, the dilation disappears and 
the arteries regain their calibre ; on the other hand, in some cases 
no such return has been observed after months or even yeats. 
When recovery of tone has thus taken place, dilation or increase 
constriction may be occasioned by local treatment : the ear may 
be made to blush or to pale by the application of heat or cold, 
by gentle stroking or rough handling and the like ; but neither 
the one nor the other condition can be brought about by the 
intervention of the central nervous system. Moreover, a similar 
recovery is stated to have been observed not only after simple 
section of the cervical sympathetic, but even when the superior 
cervical ganglion has been removed. From this ganglion, as we 
have seen (§ 169), the vaso-constrictor filires start afresh, as from 
a new centre , and it might be supposed, that the fibres, when 
cut adrift from the spinal cord by the section of the cervical 
sympathetic, were governed by this ganglion as by a functionally 
active centre. But if the experiment be trusted, this is not the 
case. So, also, the spontaneous rhjthmicvariHtionsin the calibre of 
the arteriesof the ear, of which weai>oke in §164. though they cease 
for a time after division of the cervical sympathetic, may in some 
cases eventually reappear, and that even if the superior cervical 
ganglion be removed ; in other cases they do not. And the 
analogous rhythmic variations of the veins of the bat's wing have 
been proved experimentally to go on vigorously when all con- 
nection with thu central nervous system has been severed; they 
may continue, in fact, in isolated pieces of the wing provided that 
the vessels are adetiuately filled and distended with blood or fluid. 
From these and other facts, even after making allowance for tbft 
negative cases, we may conclude that what we have spoken of as 
the tone of the vessels of the face, though influenced by, and in a 
measure dependent on the central nervous system, is not simply 
the result of an effort of that system. The muscular walls of the 
arteries are not mere passive instruments worked by the central 
nervous system through the vaso-motor fibres ; they appear to have 
an intrinsic tone of their own, and it seems natural to suppose 
that when the central nen-ous system causes dilation or constric- 
tion of the vessels of the face, it makes use, in so doing, of this 
intrinsic local tone. 
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We may addthatif we accept the view that the widening of the 
blood vessels which accompanies muscular contraction, is due not 
to the advent of impulses from the central nervous system, but to 
the changes in the tissue itself acting directly on the blood vessels, 
we may regard such an event as another indication of the peri- 
pheral blotS vessels being able to change their condition apart from 
the interference of the central nervous system. And, as we have 
said, it has been maintained that the vascular change accomimnying 
functional activity in organs other than the muscles may be 
similarly explained. 

It has been supposed that the intrinsic tone of which we are 
speaking is dependent on some local nervous mechanism, on peri- 
pheral ganglia, for instance ; in the ear. at least, no such mechan- 
ism has yet been found ; and. indeed, as we have already urged, it 
does not seem necessary to appeal to any such special peripheral 
ner\'ou3 mechanism. In the case both of a vessel governed by 
vaso-dilfttor fibres and of one governed by vaso-constrictor fibres, 
we may suppose a certain natural condition of the muscular fibres 
which we may call a condition of e([uilihrium. In a vessel 
governed only by vaso-dilator fibres, if there be such, this cuuditioD 
of equilibrium is the piirmanent condition of thfe muscular fibre, 
from which it is disturbed by vaso-dilator impulses, but to which 
it speedily returns. In a vessel governed by vaso-constrictor fibres, 
and subject to tone, the muscular fibre is habitually kept on the 
constrictor side of this ec^uilibrium. and, as in the cases quoted 
above, may strive of itself towards some amount of active constric- 
tion even when separated from the central nervous system. And 
apart from the influences of the central nervous system, the equilib- 
rium may be disturbed by the changes going on in the tissue 
itself in which the blood vessels lie. 

But to return to the bulbar vaso-motor centre, Without 
attempting to discuss the matter fully, we may say that, after all 
due weight has been attached to the play of inhibitory impulses 
or 'shock' as the r^ult of operative interference, there still 
remains a balance of evidence in favour of the view that the 
region of the spinal bulb of which we are speaking does really act 
as a general vaso-motor centre in the manner previously explained, 
and plays an important part in the vaso-motor regulation of the 
living body. 

It is not, however, to be regarded as a single vaso-motor 
centre, whence alone can issue tonic constrictor impulses, or 
whither afferent impulses from this or that part of the body must 
always travel I>efore they can affect the vaso-constrictor impulses 
passing along this or that nerve. We are rather to suppose 
that the spinal cord along its whole length contains, interlaced 
with the reflex and other mechanisms by which the skeletal 
musclei aregovemed, vaso-motor centres and mechanisms of varied 
complexity, the details of whose functions and topography have yet 



350 SUMMARY OF VASO-MOTOK ACTIONS. [Booki. 

largely to be worked out. As in the absence of the sinus venosus 
the auricles and ventricle of the frog's heart may still continue to 
beat, 80 in the absence of the spinal bulb these spinal vaso- 
motor centres provide for the vascular emergencies which arise. 
As, however, in the normal entire frog's heart, the sinus, so to speak, 
gives the word and governs the work of the whole organ, so the 
bulbar vaso-motor centre rules and co-ordinates the lesser 
centres of the cord, and through them presides over the chief 
vascular areas of the body. By means of these vaso-motor central 
mechanisms, by means of the head centre in the bulb, and the 
subsidiary centres in the spinal cord, the delicate machinery of 
the circulation, which determines the blood supply, and so the 
activity of each tissue and organ, is able to respond by narrow- 
ing or widening arteries to the ever-varying demands, and to 
meet by compensating changes the shocks and strains of daily 
life. 

§ 178. We may sum up the history of vaso-motor actions 
somewhat as follows. 

In the case of at least a very large number of the arteries of 
the body, we have direct experimental evidence that these arteries 
are connected with the central nervous system by nerve fibres, 
called vaso-motor fibres, the action of which varies the amount of 
contraction of the muscular coats of the arteries and so leads to 
changes in calibre. The action of these vaso-motor fibres is more 
manifest, and probably more important in the case of small and 
minute arteries than in the case of large ones. 

These vaso-motor fibres are of two kinds. The one kind, vaso- 
constrictor fibres, are of such a nature or have such connections 
at their peripheral endings that stimulation of them produces 
narrowing, constriction of the arteries. During life, these fibres 
appear to be the means by which the central nervous system exerts 
a continued tonic influence on the arteries, and maintains an 
arterial *tone;' and this arterial tone may be modified by the 
action of the central nervous system, so as to give place on the one 
hand to constriction and on the other to widening. The other kind, 
vaso-dilator fibres, are of such a kind, or have such connections, 
that stimulation of them produces widening, dilation of the arteries. 
There is no adequate evidence that these vaso-dilator fibres serve 
as channels for tonic dilating impulses or influences. 

The vaso-constrictor fibres leave the spinal cord by the anterior 
roots of the nerves coming from the middle region only of the 
spinal cord. In the dog, this region extends from about the first 
or second thoracic to the fourth or fifth lumbar nerve; and in 
other animals is probably of corresponding extent. Leaving the 
spinal nerves by the respective visceral branches, rami communi- 
cantes, the fibres pass into the sympathetic system, the majority 
joining the main sympathetic chain of ganglia in the thorax and 
abdomen, but some, for instance those going to certain parts of 
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the intestine and some other viscera, leaving that chain on one 
side and passing directly to more peripheral (ganglia, such as the 
solar plexus and the inferior mesenteric gnnglia. From the 
sympathetic chain the Qbres run to their destination in such 
nerves as the cervical sympathetic aud splanchnic, those allotted 
to the skin of the liuibs and trunk running back again to join the 
respective spinal nerves. In the ganglia of the sympathetic chain 
or in other more peripheral ganglia the fibres lose their medulla, 
and continue their course as nun-meduUated fibres. 

In the intact ot^anism the emission and distribution along 
these vaso-constrictor fibres of tonic constrictor impulses, by which 
general and local arterial tone is maintained and regulated, is 
governed by a limited portion of the spinal bulb known as the 
bulbar vaso-motor centre ; and when some change of conditions oi 
other natural stimulus brings about a change in the activity of the 
vaso-conBtrictor fibres of one or more vascular areas, oi of all the 
arteries supplied with vaso-constrictor fibres, this same bulbar 
vaso-motor centre appears in such cases to play the part of a centre 
of reflex action. Nevertheless, in cases where the nervous con- 
nections of this bulbar vaso-motor centre with a vascular area are 
cut off by an operation, as by section of the cord, other parts of 
the spinal cord may act as centres for the vaso-conatrictur fibres of 
the area, and possibly these subordinate centres may be to a certain 
extent in action in the intact organism. 

The vaso-dilator fibres of whose existence we have clear and 
undisputed experimentalevidence, are very limited in distribution. 
In the cases best known, the fibres leave certain regions of the 
central nervous system and proceed to their destination along 
certain cerebro-spinal nerves ; they do not lose their medulla until 
they approach their termination. But, as we have seen, there is 
evidence of vaso-dilator fibres also running in nerves of the 
sympathetic system. The vaso-dilator fibres are generally thrown 
into action as part of a refiex act, and the centre, in the reflex act, 
appears in each case to lie in the central nen'ous system not far 
from the origin of the ordinary motor fibres which the dilator 
fibres accompany. 

The effects of the activity of the vaso-dilator fibres appear to be 
essentially local in nature. When any set of the fibres come into 
action the vascular area which these Govern is dilated ; and the 
vascular areas so governed are relatively so small that changes in 
them produce little or no effect on the vascular system in general ; 
the fibres are called into play to produce special effects in special 
organs. 

The effects of changes in the activity of the vaso-constrictor 
fibres are both local and general. They are also double in 
nature ; by an inhibit on of tonic constrictor impulses a certain 
amount of dilation may be effected; by an augmentation of 
constrictor impulses, constriction, it may be of considerable extent. 
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may be brought about. When the vascular area so affected is 
small, the effects are local, more or less blood is distributed through 
the area ; when the vascular area affected is large, the inhibition 
of constriction may lead to a marked fall, and an augmentation of 
constriction to a marked rise of general blood pressure. Broadly 
speaking, we may say that whenever a vascular change is needed 
for the general well-being of the economy, it is this vaso-constrictoi 
system which is called into play. 

The distribution of clearly proved vaso-dilator fibres is, as we 
have said, very limited, and even the vaso-constrictor fibres are 
most abundant in the nerves going to the skin and to the viscera. 
In respect to the arteries supplying the numerous skeletal muscles, 
there is much dispute as to whether they are supplied by vaso- 
dilator fibres ; and the supply bt vaso-constrictor fibres to them 
is at least not large. We may perhaps infer that the vascular 
changes in the muscles are intended chiefly for the benefit of 
the muscles themselves, and are not to any great extent, like those 
of the skin and viscera, . utilized for the more general purposes 
of the economy. 

§ 179. We shall have occasion later on again and again to 
point out instances of the effects of vaso-motor action both local 
and general, but we may here quote one or two characteristic 
examples. " Blushing " is one. Nervous impulses started in some 
parts of the brain by an emotion produce a powerful inhibition of 
that part of the bulbar vaso-motor centre which governs the 
vascular areas of the head supplied by the cervical sympathetic, 
and hence has an effect on the vaso-motor fibres of the cervical 
sympathetic almost exactly the same as that produced by section 
of the nerve. In consequence the muscular walls of the arteries of 
the head and face relax, the arteries dilate and the whole region 
becomes suffused. Sometimes an emotion gives rise not to blushing, 
but to the opposite effect, viz. to pallor of the face. In a great 
number of cases this has quite a different cause, being due to a 
sudden diminution or even temporary arrest of the heart's beats ; 
but in some cases it may occur without any change in the beat of 
the heart, and is then due to a condition the very converse of that 
of blushing, that is, to an increased arterial constriction ; and this 
increased constriction, like the dilation of blushing, is effected 
through the agency of the central nervous system and the cervical 
sympathetic. Blushing and its opposite pallor are most marked in 
the face ; but other parts of the body may blush (or grow pale) 
the change being brought about by appropriate nerves. 

The vascular condition of the skin at large affords another 
instance. When the temperature of the air is low the vessels of the 
skin are constricted, and the skin is pale ; when the temperature of 
the air is high the vessels of the skin are dilated, and the skin is 
red and flushed. In both these cases the effect is mainly a reflex one, 
it being the central nervous system which brings about augmen- 
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tation of constriction in the one case and inhibition in the other ; 
though possibly some slight effect is produced by the direct local 
action of the cold or heat on the vessels of the skin. Moreover, 
the vascular changes in the skin are accompanied by corresponding 
vascular changes in ihu viscera fchieWy abdominal) of a reverse 
kind. When the vessels of the skin are dilated, those of the 
viscera are conBtrict«d, and vice versa; so that a considerable 
portion of the whole blood ebbs and flows, so to speak, according 
to circumstances, from akin to viscera and from viscera to skin. 
liy these changes, as we shall see later on, the maintenance of the 
normal temperature of the body is in lai^e measure secured. 

We shall see later on that the secretion of urine is in a peculiar 
way dependent on the flow of blood through the kidney. A very 
favourable condition for this flow is a dilated condition of the renal 
arteries coincident with a high general blood pressure, and this 
condition, as we shall see, leads to a copious secretion of urine. 
The high general blood pressure in this case is largely caused 
by very general arterial constriction, leading to great increase 
of peripheral resistance, while the dilated state of the renal arteries 
appears to be due to a lack of the usual tonic constrictor impulses; 
though these constrictor impulses are increased in respect to other 
arteries, they are diminished in respect to the renal arteries 
themselves. 

When food is placed in the mouth the blood vessels of the 
salivary glands, as we have seen, are flushed with blood as an 
adjuvant to the secretion of digestive fluid ; and as the food 
passes along the alimentary canal each section in turn, wiih 
the glandular appendages belonging to it, welcomes its advent by 
flushing with blood. As we have already said, we have, at present, 
DO satisfactory evidence, except in the case of the salivary glands, 
that this flushing is carried out by special vaso-dilator nerves. Along 
the rest of the alimentary canal the widening of the arteries, and 
thus the increased flow seems to be brought about by diminution 
of vaso-constrictor impulses, so far, at least, as it is ensured by 
the intervention of the central nervous system. We say 'so far' 
because, as we shall see, we have evidence that the vessels of the 
kidney may change in calibre independently of any influences 
proceeding from the central nervous system, after, for inatanc*, all 
the nerves going to the kidney have been divided ; in such cases 
the changes in the calibre of the renal vessels seem to be due to 
some direct local action ; and it is possible that the flushing of 
the alimentary canal when food enters it is similarly, in part or at 
times, the result of some local action on the blood vessels. 

§ 180. Vato-motoT nerves of the Veiju. Although the veins 
are provided with muscular fibres and are distinctly contractile, 
and although rhythmic variations of calibre due to contractions 
may be seen in the great veins oi>ening into the heart, in the veins 
of the bat's wing, and elsewhere, our knowledge as to any ner\'ou9 
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arrangements governing the veins is at present very limited. The 
portal vein, the walls of which are conspicuously muscular, the 
muscular fibres being arranged both as a circular and as a longi- 
tudinal coat, is like the veins just mentioned subject to rhythmic 
variations of calibre; these might be due to active rhythmic 
•contractions of the portal vein itself or might be of a passive 
nature, due to a rhythmic rise and fall in the quantity of blood 
discharged into it from the vessels of the viscera. The former 
view is supported by the observation that after the aorta has been 
obstructed, so that no blood can pass into the portal vein from the 
mesenteric and other arteries, contractions of the portal vein may 
be obtained by stimulating the splanchnic nervea The great 
distension of the venous system with blood which occurs in the 
frog when the brain and spinal cord are destroyed, and which 
renders the heart almost bloodless, the greater part of the blood 
being lodged in the veins, has also been supposed to point to some 
normal tone of the veins dependent on the central nervous 
system. 




SEC. 7. THE CAPILLARY CIKCULATION. 



§ 181. We have already, some time back (§ 117). mentioned 
some of the salient featurea of the circulation through the capil- 
laries, viz. the difficult passage of the corpuscles (generally in 
single file, though sometimes in the larger channels two or 
more abreast) and plasma through the narrow channels, in a 
stream which though more or less irregular is steady and even, not 
broken by pulsations, and slower than that in either the arteries 
or the veins. We have further seen (§ 106) that the capillaries 
vary very much in width from time to time; and there can be 
no doubt that the changes in their calibre are chiefly of a passive 
nature. They are expanded when a large supply of blood reaches 
them through the supplying arteries, and, by virtue of their 
elasticity, shrink again when the supply is lessened or withdrawn ; 
tliey may also become expanded by an obstacle to the venous 
outflow. 

On the other hand, as we have also stated, there is a certain 
amount of evidence that, in young animals at all events, the calibre 
of a capillary canal may vary, quite independently of the arterial 
supply or the venous outHow, in consequence of changes in the 
form of the epithelioid cells, allied to the changes which in a 
muscle-libre or muscte-cell constitute a coutraction ; and though 
the matter requires further investigation, it is possible that these 
active changes play an important part in determining the quantity 
of blood passing through a capillary area ; but there is as yet no 
satisfactory evidence that they, like the corresponding changes in 
the artt^ries, are governed by the nervous system. 

Over and above these changes of form, the capillaries and minute 
vessels are subject to still other changes, and so exert influences by 
virtue of which they play an important part in the work of the 
circulation. Their condition determines the amount of resistance 
offered by their channels to the flow of blood through those 
channels, and determines the amount and character of that inter- 
change between the blood and the tissues which is the tnain fact 
of the circulation. 
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If the web of the frog's foot, or, better still, if some transparent 
tissue of a mammal be watched under the microscope, it will be ob- 
served that, while in the small capillaries the corpuscles are pressed 
through the channel in single file, one after the other, each corpuscle 
as it passes occupying the whole bore of the capillary, in the larger 
capillaries (of the mammal), and especially in the small arteries 
and veins which permit the passage of more than one corpuscle 
abreast, the red corpuscles run in the middle of the channel, forming 
a coloured core, between which and the sides of the vessels all 
round is a colourless layer, containing no red corpuscles, called 
the ' plasmatic layer ' or * peripheral zona' This division into a 
peripheral zone and an axial stream is due to the fact that in any 
stream passing through a closed channel the friction is greatest 
at the sides, and diminishes towards the axis. The corpuscles 
pass where the friction is least, in the axis. A quite similar axial 
core is seen when any fine particles are driven with a sufficient 
velocity in a stream of fluid through a narrow tube. As the 
velocity is diminished the axial core becomes less marked and 
disappears. 

In the peripheral zone, especially in that of the veins, are 
frequently seen white corpuscles, sometimes clinging to the sides 
of the vessel, sometimes rolling slowly along, and in general moving 
irregularly, stopping for a while and then suddenly moving on. 
The greater the velocity of the flow of blood, the fewer the white 
corpuscles in the peripheral zone, and with a very rapid flow they, 
as well as the red corpuscles, may be all confined to the axial 
stream. The presence of the white corpuscles in the peripheral 
zone has been attributed to their being specifically lighter than 
the red corpuscles, since when fine particles of two kinds, one lighter 
than the other, are driven through a narrow tube, the heavier 
particles flow in the axis and the lighter in the more peripheral 
portions of the stream. But, besides this, the white corpuscles 
have a greater tendency to adhere to surfaces than have the red, 
as is seen by the manner in which the former become fixed to 
the glass slide and cover-slip when a drop of blood is mounted 
for microscopical examination. They probably thus adhere by 
virtue of the amoeboid movements of their protoplasm, so that the 
adhesion is to be considered not so much a mere physical as a 
physiological process, and hence may be expected to vary with the 
varying nutritive conditions of the corpuscles and of the blood 
vessels. Thus while the appearance of the white corpuscles in the 
peripheral zone may be due to their lightness, their temporary 
attachment to the sides of the vessels and characteristic progression 
is the result of their power to adhere ; and as we shall presently 
see their amoeboid movements may carry them on beyond mere 
adhesion. 

§ 182. These are the phenomena of the normal circulation, 
and may be regarded as indicating a state of equilibrium between 
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the blood on the one liand and the blood vessels with the tissues 
on the other; but a diiferent state of things sets in when that 
equilibriuiii is overthruwu by causes leading to what is called 
inHammation or to allied conditions. 

If ail irritant, such as a drop of chloroform or a little diluted 
oil of nmstard, bo applied to a small portion of a frog's web, tongue, 
mesentery, or some other transparent tissne, the following changes 
may be observed under the microscope ; they may be still better seen 
in the mesentery or other transparent tissue of a mammal. The 
first effect that is noticed is a dilation of the arteries, accompanied 
by a quickening of the stream. The irritant, probably by a direct 
action on the muscular fibres of the arteries, has led to a re- 
laxation of the muscular coat, and hence to 8 widening ; and ve 
have already, § 123, explained how such a widening in a small 
artery may lead to a temporary quickening of the stream. In 
consequence of the greater How through the arteries, the capillaries 
become tilled with corpuscles, and many passages, previously 
invisible or nearly so on account of their containing no corpuscles, 
now come into view. The veins at the same time appear enlarged 
and full. Tf tlie stimulus be very slight, this may all pass away, 
the arteries gaining their normal constriction, and the capillaries 
and veins returning to their normal condition ; in other words, the 
effect of the stimulus in such a case is simply a temporary blush. 
Unless, liowever, the chloroform or mustard be applied with especial 
care, the effects are much more profound, and a series of remarkable 
changes set in. 

In the normal circulation, as we have just said, white corpuscles 
may be seen in the peripheral, plasmatic zone, but they are scanty 
in number, and each one, after .staying for a little time in one spot, 
suddenly gets tree, sometimes almost by a jerk &a it were, and then 
rolls on for a great«r or less distance. In the area now under 
consideration a large number of white corpuscles soon gather in 
the peripheral zones, especially of the veins and venous capillaries 
(that is of the larger capillaries which are joining to form veins), 
but also, to a less extent, of the arteries , and this takes place 
although the vessels still remain dilated, and the stream still 
continues rapid, though not so rapid as at first E^ch white 
corpuscle appears to exhibit a greater tendency to stick to the 
sides of the vessels, and though driven away from the arteries 
by the stronger arterial stream, becomes lodged, so to speak, in the 
veins. Since new white corpuscles are continually being brought 
by the blood stream on to the scene, the number of them in tha 
peripheral zones of the veins increases more and more, and this 
may go on until the inner surface of the veins and venous 
capillaries appears to be lined with a layer of white corpuscles- 
Tbe small capillaries, too, contain more white corpuscles than 
usual, and even in the arteries these are abundant, though not 
forming the distinct layer seen in the veins. The white cor- 
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puscles, however, are not the only bodies present in the peri- 
pheral zone. Though in the normal circulation blood-platelets 
(see § 33) cannot be seen in the peripheral zone, and hence (on 
the view, which has the greater support, that these bodies are 
really present in quite normal blood) must be confined to the axial 
stream, they make their appearance in that zone during the 
changes which we are now describing. Indeed, in many cases they 
are far more abundant than the white corpuscles, the latter appear- 
ing imbedded at intervals in masses of the former. Soon after 
their appearance the individual platelets lose their outline, and run 
together into formless masses. 

§ 183. This much, the appearance of numerous white cor- 
puscles and platelets in the peripheral zones, may take place while 
the stream, though less rapid than at the very first, still remains 
rapid ; so rapid at all events that, owing to the increased width 
of the passages, in spite of the obstruction ofifered by the adherent 
white corpuscles, the total quantity of blood flowing in a given 
time through the inflamed area is greater than normal. But 
soon, though the vessels still remain dilated, the stream is observed 
most distinctly to slacken, and then a remarkable phenomenon 
makes its appearance. The white corpuscles lying in contact with 
the walls of the veins or of the capillaries are seen to thrust processes 
through the walls ; and, the process of a corpuscle increasing at the 
expense of the rest of the body of the corpuscle, the whole cor- 
puscle, by what appears to be an example of amoeboid movement, 
makes its way through the wall of the vessel into the lymph 
space outside ; the perforation appears to take place in the cement 
substance joining the epithelioid plates together. This is the 
migration of the white corpuscles to which we alluded in § 32, and 
takes place chiefly in the veins and capillaries, not at all or to a 
very slight extent in the arteries. Through this migration the 
lymph spaces around the vessels in the inflamed area become 
crowded with white corpuscles. At the same time fluid passes 
from the interior of the blood vessels through the altered walls 
into the lymph spaces more rapidly than it escapes from the 
lymph spaces along the lymphatic channels ; these lymph spaces 
become distended with lymph, which also changes somewhat in its 
chemical characters ; it tends to clot more readily and more firmly, 
and is sometimes spoken of as * exudation fluid,' or by the older 
writers as *coagulable lymph.' This turgescence of the lymph 
spaces, together with the dilated crowded condition of the blood 
vessels, gives rise to the swelling which is one of the features of 
inflammation. 

If the inflammation now passes off the white corpuscles cease to 
emigrate, cease to stick for any length of time to the sides of the 
vessels, the stream of blood through the vessels quickens again, and 
the vessels themselves, though they may remain for a long time 
dilated, eventually regain their calibre, and a normal circulation is 
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re-established. The migrated corpuscles move away from the 
regiou along the labyriutb of lymph spaces, aud the surplus lyuiph 
also passes away along the lymph spaces and lymphatic vessels. 

A more powerful action of the irritant may lead to still other 
events. More and more white corpuscles, arrested in their passage, 
crowd the channels and block the way, so that though the vessels 
remain dilated, the stream becomes slower aud slower, until at last 
it stops altogether, and ' stagnation ' or ' stasia ' seto in. The red 
corpuscles are driven in, often in masses, among the white cor- 
puscles and platelets, the distinction between axial stream and 
peripheral zone becoming lost ; and arteries, veias and capillaries, 
all distended, sometimes enormously so. are filled with a mass of 
mingled red and white corpuscles and platelets. The red corpuscles 
run together so that their outlines are no longer distinguishable ; 
they appear to become fused into a homogeneous red mass. And 
it may now be observed that, not only white corpuscles but also 
red corpuscles, make their way through the distended and altered 
walls of the cajiillaries, chieJly, at all events, at the junctions of 
the epithelioid plates, into the lymph spaces beyond. This is 
Bpolceu of as the dtapedesia of the red corpuscles. 

This condition of ' stasis ' may be the prelude to further 
mischief, and, indeed, to the death of the tissue, hut it, too, like the 
earlier stage of inflammation, may pass away. Aa it passes away 
the outlines of the corpuscles become once more distinct, those on 
the venous side of the block gradually drop away into the neigh- 
bouring currents. little by little the whole obstruction is removed, 
and the current through the area is re-established. 

§ 184. The slowing or the arrest of the blood current described 
above is not due to any lessening of the heart's beat ; the arterial 
pulsations, or at least the arterial flow, may be seen to be continued 
in full force down to the affected area, and there to cease very 
suddenly. It is not due to the peripheral resistance being 
increased by any constriction of the small arteries, for these 
continue dilated, sometimes exceedingly so. It must, therefore, be 
due to some now and unusual resistance occurring in the area itself, 
and this we are by many reasons led to attribute to an increased 
tendency of the corpuscles, especially of the white corpuscles, to 
stick to the sides of the vessels. The increase of adhesiveness is 
not caused by any change confined to the corpuscles themselves ; 
for if after a temporary delay one set of corpuscles has managed to 
pass away from the affected area, the next set of corpuscles brought 
to the area in the blooil stream is subjected to the same delay. 
The cause of the increased adhesiveness must therefore lie in the 
walla of the blood vesseli. or in the tissue of which these form a 
part. That the increased adhesion is due to the vascular walls and 
not primarily to the corpuscles themselves is further shewn by the 
bet that if, in the fr<%, an artificial blood nf normal saline solution, 
to which milk has been added, be substituted for normal blood, a 
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stasis may by irritants be induced in which oil-globules play the 
part of corpuscles, and by their aggregation bring about an arrest 
of the flow. 

We are led to conclude that there exist in health certain 
relations between the blood on the one hand, and the walls of the 
vessels on the other, by which the tendency of the corpuscles to 
adhere to the blood vessels is kept within certain limits ; these 
relations consequently determine the normal flow, with its axial 
stream and peripheral zone, and the normal amount of peripheral 
resistance; in inflammation, these relations, in a manner we 
cannot as yet fully explain, are disturbed so that the tendency 
of the corpuscles to adhere to the sides of the vessels is largely 
and progressively increased. Hence the tarrying of the corpuscles 
in spite of the widening of their path, and finally their agglomera- 
tion and fusion in the distended channels. 

The changes occurring in the vascular walls at the same time 
also modify the passage from the blood to the tissue of the fluid 
parts of the blood, the lymph of inflamed areas being more 
abundant and richer in proteids than normal lymph. There is a 
greater outflow from the interior of the blood vessel into the 
lymph spaces outside, and, indeed, it has been urged that this, 
carrying the blood corpuscles with it, mechanically promotes the 
gathering of the white corpuscles at the sides of the vessel and 
their subsequent passage through the walls. 

We must not, however, pursue this subject of inflammation any 
further. We have said enough to shew that the peripheral re- 
sistance (and consequently all that depends on that peripheral 
resistance) is not wholly determined by the varying width of the 
minute passages, but is also dependent on the vital condition of 
the tissue of which the walls of the passages form a part. When 
the tissue is in health, a certain resistance is offered to the 
passage of blood through the capillaries and other minute vessels, 
and the whole vascular mechanism is adapted to overcome this 
resistance to such an extent that a normal circulation can take 
place. When the tissue becomes affected, the disturbance of the 
relations between the tissue and the blood may so augment the re- 
sistance that the passage of the blood becomes, as in inflammation, 
difficult, or, as in stasis, impossible. And it is quite open to us to 
suppose that under certain circumstances the reverse of the above 
may occur in this or that area, that conditions may arise in which 
the resistance is lowered below the normal, and the circulation in 
the area quickened. Thus the vital condition of the tissue becomes 
a factor in the maintenance of the circulation ; and it is possible, 
though not yet proved, that these vital conditions are directly 
under the dominion of the nervous system. 

§ 186. Changes in the peripheral resistance may also be 
brought about by changes in the character of the blood, especially 
by changes in the relative amount of gases present. When a 
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stream of defibrinated blood is artificially driven through a 
perfectly fresh excised organ, such as the kidney, it is found that 
the resistance to the flow of blood through the organ, measured, 
for instance, by the amouut of outHow in relation to the pressure 
exerted, varies cousidcsrably owing to changes taking place in the 
organ, and may be increased by increasing the venous character, 
and diminished by increasing the arterial character of the blood. 
Remarkable changes in the resistance are also brought about by 
the addition of small quantities of certain drugs such as chloral, 
atropin &c. to the blood. 

These changes have been attributed to the altered blood acting 
on the walls of the vessels, inducing, for instance, constriction or 
widening of the small arteries, or, it may be, affecting the capil- 
laries, for it has been asserted that the epithelioid plates of the 
capillaries vary in form according to the relative quantities of 
carbonic acid and oxygen present io the blood. But this is not 
the whole explanation of the matter, since similar variations iu 
resistance are met with when blood is driven through fine capil- 
lary tubes of inert matter. In such experiments it is found that 
the resistance to the flow increases with a diminution of the 
oxygen carried by the red corpuscles, and ia modified by the 
addition to the blood of even small quantities of certain drugs. 

It is obvious, then, that in the living body the peripheral 
resistance, being the outcome of complex conditions, may be 
modified in many ways. Experiment teaches us that, even in 
dealing with non-living inert matter, the flow of fluid through 
capillary tubes may be modified on the one hand by changes in 
the substance of which the tubes are composed, and on the other 
hand by changes in the chemical nature (even independent of the 
specific gravity) of the fluid which is used. In the living body 
both the fluid and the tubes, both the blood and the walls of the 
minute vessels, are subject to incessant change ; the vessels are 
continually changing because they are living structures, and the 
blood is continually changing not only because it too is in part at 
least alive, but also because all the tissues of the body are working 
upon it. The changes in the one, moreover, are capable of reacting 
upon and inducing changes in the other ; and, lastly, the changes 
both of the one and of the other may be primarily set going by 
events taking place in -lome part of the body far away from the 
region in which these changes are modifying the resistance to the 
flow. 
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SEC. 8. CHANGES IN THE QUANTITY OF BLOOD. 



§ 186. In an artificial scheme, changes in the total quantity of 
fluid in circulation will have an immediate and direct effect on the 
arterial pressure, increase of the quantity heightening and decrease 
diminishing it. This effect will be produced partly by the pump 
being more or less filled at each stroke, and partly by the peri- 
pheral resistance being increased or diminished by the greater 
or less fulness of the small peripheral channels. The pressure 
along the whole system and hence the venous pressure will under 
all circumstances be raised with the increase of fluid, but an 
increase of the arterial pressure beyond that of the venous pressure 
will be observed only so long as the elasticity of the arterial tubes 
can be brought into play. 

In the natural circulation, the direct results of change of quan- 
tity are modified by compensatory arrangements. Thus experi- 
ment shews the following when an animal with normal blood 
pressure is bled from one carotid. The pressure in the other 
carotid sinks so long as the bleeding is going on ; this is chiefly 
because the free opening in the vessel, from which the bleeding is 
going on, cuts off a great deal of the peripheral resistance, and so 
leads to a general lowering of the blood pressure. It remains 
depressed for a brief period after the bleeding has ceased, but 
in a short time regains or nearly regains the normal height 
This recovery of blood pressure, after haemorrhage, is witnessed so 
long as the loss of blood does not amount to more than about 3 per 
cent, of the body-weight. Beyond that, a large and frequently a 
sudden dangerous permanent depression is observed. 

The restoration of the pressure after the cessation of the 
bleeding is too rapid to permit us to suppose that the quantity of 
fluid in the blood vessels is replaced by the withdrawal of lymph 
from the extra- vascular elements of the tissues. In all probability 
the result is gained by an increased action of the vaso-constrictor 
nerves increasing the peripheral resistance, the vaso-motor centre 
being thrown into increased action by the diminution of its 
blood supply ; when the blood by ligature of the arteries in the 
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neck is saddenlj cut off from the brain and so from the spinal 
bulb, a rise of blood pressure is observed. When the loss of blood 
has gone beyond a certalu limit, this vaso-constrictor action is 
insufficient to compensate the diminished quautity (possibly the 
vaso-niotor centre in part becomes exhausted), and a considerable 
depression takes place ; but at this epoch the loss of blood 
frequently causes aniemic convulsions. 

Similarly, when an additional quautity of blood is injected into 
the vessels, no marked increase of blood pressure is observed so 
long as the vaso-motor centre in the spinal bulb is intact. If, 
however, the cervical spinal cord be divided previous to the in- 

{'ection, the pressure, which, on account of the removal of the 
lulbar vaso-motor centre, is very low. is permanently raised by the 
injection of blood. At each injection the pressure rises ; it falls 
somewhatafterwards. but eventually remains at a higher level than 
before. This rise is stated to continue until the amount of blood 
in the vessels above the normal quantity reaches from 2 to 3 
per cent of the body-weight, lieyond which point it is said no 
further rise of pressure occurs. The absence of any marked rise 
of blood pressure, so long as the bulbar vaso-motor centre is intAct, 
shews that the addition of the extra quantity of blood stimulates 
that centre to increased activity. Rut while a diminution of blood 
supply seems to affect the centre directly, an increase of blood 
supply priibably acts in an indirect manner. When the arteries 
in the neck are ligatured, the rise of blood pressure is much mora 
nmrked if the depressor nerves be divided ; so long as these 
nerves are intact impulses passing along them from the heart 
withstand the stimulating effects on the vaso-motor centre of the 
loss of blood. And we may perhaps infer that when an extra 
quantity of blood is injected, the greater fulness stimulates 
the endings of the depressor nerves in the heart, and so by 
developing depressor impulses lessens the activity of the vaso- 
motor centre. 

The facta stated seem, then, to shew, in the first place, that when 
the volume of the blood is increased, compensation is effected by 
a lessening of the peripheraj resistance by means of a diminished 
action of the vaso-motor centre, so that the normal blood pressure 
remains constant They further shew that a much greater quantity 
of blood can be lodged in the blood vessels than is normally present 
in them. That the additional quantity injected does remain in 
the vessels is proved by the absence of extravasations, and of any 
considerable increase nf the extra-vascular lymphatic fluids. It 
has already been insisted that, in health, the veins and capillaries 
must be regarded as being far from filled ; for were they to receive 
all the blood which they can, even at a low pressure, hold, the 
whole quantity of blood in the body would be lodged in them 
alone. In these cases of large addition of blood, the extra quantity 
appears to be lodged in the smalt veins and capillaries (especially 
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of the internal organs), which are abnonnally distended to contain 
the surplus. 

We learn, also, from these facts the two practical lessons : first, 
that bUxxi pressure cannot be lowered directly in a mechanical 
manner by bleeding, unless the quantity removed be dangerooily 
large ; and secondly, that there is no necessary connection betwt^n 
a high blood pressure and fulness of blood or plethora, since an 
enormous quantity of blood may be driven into the vessels without 
any marked rise of pressure. 

When a quantity of blood or, indeed, of fluid is injected into 
the veins, the output from the heart is increased and observatiijns 
seem to shew that the increase in the output is oat of proportion 
U) the quantity of fluid injected, indicating that the result is of 
complex origin. In spite of this increased output, the blood 
pressure is not raised ; the effect is compensated by vascular 
dilation somewhere. Conversely when blood is withdrawn, the 
output is diminished, but here again the effect on the blood 
pressure is soon compensated, this time by vascular constriction. 




9. A REVIEW OF SOME OF THE FEATURES OF 
THE CIRCULATION. 



§ 187. The facts dwelt on in the forgoing sections have 
shewn us that the factors of the vascular mechanism may be 
regarded as of two kinds : one constant, or approximately constant; 
the other variable. 

The constant factors are supplied hy the length, natural bore, 
and distribution of the blood vessels, by the extensibility and 
elastic reaction of their walls, and by such mechanical contrivances 
as the valves. By the natural bore of the various blood vessels is 
meant the diameter which each would assume if the muscular 
filings were wholly at rest, and the pressure of Huid within the 
vessel were equal to the pressure outside. It is obvious, however, 
that even these factors are only approximately constant for the 
life of an individual. The length and distribution of the vessels 
change with the growth of the whole body or parts of the body, 
and the physical qualities of the walls, especially of the arterial 
walls, their extensibility and elastic reaction change continually 
with the age of the individual. As the body grows older, the once 
supple and elastic arteries become more and more stiff and rigid, 
and often in middle life, or it may be earlier, a lessening of arterial 
resilience which proportionately impairs the value of the vascular 
mechanism as an agent of nutrition, marks a step towards tlie 
grave. 

The chief variable factors are on the one hand the beat of the 
heart, and on the other the peripheral resistance, the variations in 
the latt^tr being chiefly brought about by muscular cantraction or 
relaxation in the minute arteries, but also, though to what extent 
has not yet been accurately determined, by the condition of the 
ininut« vessels according to which the blood can [>ass through 
them with less or with greater ease, as well as by the chamct«r 
of the circulating blood. 

These two chief variables, the beat of the heart and the width 
of the minute arteries, are known to be governed and regulated by 
the central nervous system, which adapts each to the circumstancca 
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of the moment, and at the same time brings the two into mutual 
dependence ; but the central nervous system is not the only means 
of government : there are other modes of regulation, and so other 
safeguards. 

§ 188. Let us first consider the heart. The object, if we may 
use the expression, of the systole of the ventricle is to secure 
the needed arterial pressure ; it is this, as we have seen, which 
drives the blood through the capillaries back to the heart. To do 
this the ventricle must deliver at the stroke a certain quantity of 
blood, exerting the pressure required to lodge the blood in the 
arteries, and repeating the stroke at appropriate intervals. Hence 
the work done will, in part, depend on the quantity of blood 
collected in the ventricle during the diastole, that is, on the inflow 
from the venous system. If the quantity brought be too small, 
then though the whole contents of the ventricle be ejected with 
adequate force at each stroke, and the stroke repeated regularly, 
the ventricle will fail in its object ; speaking generally we may 
say that a lessened venous inflow will tend to lessen, and an 
increased venous inflow will tend to increase the work of the heart 
This venous inflow is dependent on various causes, and may be 
variously modified by various events. 

The blood in filling the ventricle distends its walls, and this 
distension, especially the fuller distension resulting from the 
auricular systole, also influences the ventricular stroke ; for the 
contraction of the cardiac fibre, like that of the skeletal muscular 
fibre, is increased up to a certain limit by the fibre being put on 
the stretch (§ 162). This influence, however, is more distinctly 
seen on the arterial side. The greater the arterial pressure 
against which the ventricle has to deliver its contents, the greater 
the tension of the ventricular walls ; and hence, a high arterial 
pressure tends of itself to enforce the ventricular systole. As in 
the skeletal muscle, however, this beneficial influence soon reaches 
its limit. 

§ 189. The spontaneous beat of the heart is the outcome of 
the nutrition of the cardiac tissues. In the absence of all inter- 
ference by inhibitory or augmentor fibres, the heart will continue 
beating with a certain rhythm and force, determined by the 
metabolism going on in its muscular and nervous elements. We 
have seen that the energy set free in an ordinary skeletal muscle, 
in response to a stimulus, may vary from nothing to a maximum, 
according to the metabolism going on, according to the nutritive 
vigour of the muscular fibres. The spontaneous rhythmic beat of 
the cardiac substance may be regarded as the outcome of a 
metabolism more highly pitched, more elaborate, of a higher order 
than that which simply furnishes the ordinary skeletal fibre with 
mere irritability towards stimuli. All the more readily, therefore, 
may the beat be expected to be influenced by anything which 
afiects the metabolism of the cardiac substance. It is, in fact. 
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by altering in difTereut directions these metabolic changes, even 
though the basis of the metatwlisoi, the supply of blood to tlie 
cardiac tissues, may rumaiu the same in quantity and quality, 
that the inhibitory and augmentor nerves produce their respective 
effects. In old nge the cardiac substance, through intrinsic changes, 
the accumulated result of the events of a lifetime, is unable to 
avail itself fully of the advantages which the blood, though, like the 
heart, somewhat deteriorat«d, is still able to furnish; and we may 
conceive that, in a somewhat analogous manner, apart from 
chauges of the blood supply and from extrinsic nervous influences, 
the beat of the heart may vary by reason of intrinsic molecular 
changes, whose origin we cannot at present trace. But the more 
obvious and direct cause of changes in the nutrition, and so in 
the behaviour of the heart lies in chauges in the quantity and 
quality of the blood supplied to the cardia>: tissues. In the 
mammal this means the quantity and quality of the blood Howing 
through the coronary arteries. 

If in a mammal the coronary arteries be tied or otherwise 
occluded the heart in a few seconds comes to a standstill ; this, 
which always results if both arteries be tied, sometimes if one only 
be tied, is preceded by an irregularity or by chauges in the beat, and 
is followed by fibrillar contractions of parts of the ventricles. 
This is an extreme case, but it illustrates in a striking manner 
how closely the rhythmic contraction of the cardiac fibres is 
dependent on the blood supply. 

The quantity of blood flowing through the coronary arteries is 
dependent on the pressure in the aorta, or rather on the difference 
between that pressure and the pressure in the right auricle into 
which the coronary veins open, and on the resistance offered by 
the coronary vessels. Hencfi with a high aortic pressure, more 
blood passes to the cardiac tissue. This is at least favourable to 
the development of the beat, and may he the direct cause of a 
stronger stroke ; indeed, observations seem to shew this. Thus a 
high aortic pressure itself helps the heart to the effort necessary 
to overcome that high pressure. Conversely, a low aortic pressure 
would similarly tend to spare the heart an unnecessary exertifni. 
As to how the heart may be influenced by changes in the width 
of the coronary arteries brought about by vaao-motor action, wc 
have at present but little definite knowlei^e. 

More important still than the quantity is the quality of the 
blood flowing through the coronary vessels. We shall have 
occasion in treating of respiration to speak of the manner in 
which blooil deficient in oxygen or overladen with carbonic acid 
affects the )>eat of the heart; and we may here he content to point 
out that every- change in the constitution of the blood, whether 
arising from the presence of substances such as drugs and poisons, 
introduced from without, or of substances nmnufacturvd in this 
or that tissue of the body, or resulting from the absence or paucity. 
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or from excess of one or more of the normal constituents, may 
unfavourably or, it may be, favourably aflect the heart beat, by 
directly influencing the cardiac tissues through the coronaiy 
arteries. These changes in the blood may of course also work 
upon the heart through the central nervous system, and this 
indirect effect may possibly be different from Uie direct effect 
Thus, when the breathing is interfered with, the too highly 
venous blood, while it acts directly on the cardiac tissues and that 
unfavourably, ako stimulates the cardio-inhibitory centre, whereby 
the heart is slowed and its expenditure of energy lessened. 

§ 190. As is well known, the beat of the heart may become 
temporarily or permanently irregular. That many hearts go on 
beating day after day, year after year, without any such irregu- 
larity is u striking proof of the complete balance which usuidly 
obtains between the several factors of which we are speaking. 
Sometimes such cardiac irregularities, those of a transient nature 
and brief duration, are the results of extrinsic nervous influences. 
Some events taking place in the stomach, for instance, give rise to 
afferent impulses which, ascending from the mucous membrane of 
the stomach along certain afferent fibres of the vagus to the 
spinal bulb, so augment the action of the cardio-inhibitory centre 
as to stop the heart for a beat or two, the stoppage being frequently 
followed by a temporary increase in the rapidity and force of the 
beat. Such a passing failure of the heart beat, in its sudden 
onset, in its brief duration, and in the reaction which follows, very 
closely resembles the complete but temporary inhibition brought 
about by artificial stimulation of the vagus. And, as we have 
seen, the inhibitory action of the vagus is especially prone to be 
set going by afferent impulses passing up to the central nervous 
system from the viscera. 

The effects, however, which we produce by our rough means 
of direct stimulation of the trunk of the vagus do not afford a true 
picture of the action of the cardio-inhibitory mechanism in the 
living body ; we come nearer to this when we obtain inhibition in 
a reflex manner. From the knowledge gained in this way we 
may infer that the fainting which comes from pain, emotions and 
the like, is due to the action of the inhibitory mechanism. 
Several forms of irregular heart beat are probably brought about 
by the same mechanism ; we may in this relation call to mind 
that one effect of the action of the inhibitory fibres is to produce 
not merely slowing or weakening, but distinct irregularity of the 
heart beat. 

Many observations shew that the cardio-inhibitory mechanism 
may be affected by afferent impulses or otherwise in two different 
ways. On the one hand, the cardio-inhibitory centre may be 
thrown into action, or when already in action may have its action 
increased ; on the other hand, if already in action, that action may 
be lessened : the inhibition may itself be inhibited. The division 
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of both vagus nerves in the dog affords an instance of the effect 
on the heart of arresting previously existing inhibitory impulses. 
Hence it becomes difficult in the complex living body to dis- 
tinguish between an augmentation due to activity of the augmentor 
mechanism and one due to suspension of the previously active 
inhibitory mechanism. The two raay.probably be distinguished 
by studying the details of the behaviour of the heart in the two 
cases. Failing this, it is difficult to say whether a case of that 
im'gularity of the heart which we call ' palpitation ' has l>een 
brought about positively by the one mechanism or negatively 
by tlie other. 

We must remember, moreover, that irregularity in the heart 
beat in at least a large number of casea is the result not of 
nervous influences from without, but of intrinsic events. For 
instance, in many cases the irregularity of the heart beat is wholly 
unaffected by atropin, and therefore cannot be due to vagus 
action. It is very often the product of a disordered nutrition of 
the cardiac substance. The normal nutrition sets the pace of the 
normal rhythm. We cannot explain how this comes about; nor 
can we explain why in one individual the normal pace is set as 
low as 50, or even 30 beats a minute, and in another as high as 90 
a minute, or even more, while in most persons it is about 70 a 
minut«. The slower or the quicker pace, though not normal to 
the .species, must be considered as normal to the individual, for It 
may be kept up througli long years in an oi^uism eapablo of 
carrying on a normal man's duties and work. So long as we 
cannot explain these differences we cannot hope to explain how it 
is that a disordered nutrition brings about an irregular heart ht-at, 
either the mure regular irregularity of a " dropping " pulse ; that is, 
a failure of sefiuence rather than an irregularity, or a more dis- 
tinctly irregular rhythm. We may, however, distinguish two 
Winds of irr^ularity : one, iu which, in spite of all favourable 
niurilive conditions, the cardiac substance cannot secure, even 
lierhapa for a minute, a steady rhythm ; and another in which the 
rhythm, though normal under ordinary circumstances, in, so to 
speak, in a condition of unstable equilibrium, so that a very slight 
change in conditions, too much or too little blood, or some small 
alteration in the composition of the blood, or the advent of some, 
it may be slight, nervous impulse, augmentor or inhibitory, 
developes a temporary irregularity. 

§ 191. No one thing, perhaps, concerning the heart is more 
Rtriking than the fact that a heart which has gone on beating for 
many years, with only temporary irregularities, and those few and 
far between, a heart which must, therefore, have executed with long- 
continued regularity many uulHons of beats, should suddenly, 
apparently without warning, after a brief, flickering struggle, cease 
to beat any more. But we must remember that each beat is 
an effort, an effort, moreover, which, as we have seen (§ 155), is 
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the best which the heart can make at the moment ; the accom- 
plishment of each beat is, so to speak, a hurdle which has to be 
leapt, one of the long series of hurdles which make up the steeple- 
chase of life. At any one leap failure may occur ; so long as 
failure does not occur, so long as the beat is made, and a fair 
proportion of the ventricular contents are discharged into the 
great vessels, the chief end is gained, and whether the leap is 
made clumsily or well is, relatively considered, of secondary 
importance. But if the beat be not made, everything almost 
{provided that the miss be due not to vagus inhibition but to 
intrinsic events) is unfavourable for a succeeding beat : the mys- 
terious molecular changes, by which the actual occurrence of one 
beat prepares the way for the next, are missing, the favourable 
influences of the extra rush of blood through the coronary arteries 
due to a preceding beat are missing also, and even the distension 
of the cardiac cavities resulting from the continued venous inflow, 
at first favourable, speedily passes the limit and becomes un- 
favourable. And these untoward influences accumulate rapidly, 
as the first miss is followed by a second, and by a third. In this 
way a heart, which has been brought into a state of unstable 
equilibrium by disordered nutrition (as, for instance, by imperfect 
coronary circulation, such as seems to accompany diseases of 
the aortic valves leading to regurgitation from the aorta into the 
ventricle, in which cases sudden death is not uncommon), which 
is able just to accomplish each beat, but no more, which has a 
scanty if any saving store of energ}% under some strain or other 
untoward influence, misses a leap, falls, and is no more able to rise. 
Doubtless in such cases could adequate artificial aid be promptly 
applied in time, could the fallen heart be stirred to even a 
single good beat, the favourable reaction of that beat might 
bring a successor, and so once more start the series ; but such 
a period of grace, of potential recovery, is a brief one. Even 
a coarse skeletal muscle, when cut oflf from the circulation, soon 
loses its irritability beyond all recovery, and the heart cut ofi" from 
its own influence on itself runs down so rapidly, that the period 
of possible recovery is measured chiefly by seconds. 

We made an exception just now in favour of vagus inhibitor}' 
action. We may repeat that the eff*ect of inhibitory action is to 
lessen the expenditure of energy and so to assist the heart for 
future eff*orts ; it saves the heart at the expense of the rest of the 
economy. The heart, so far as we know, cannot in the working of 
the living economy be brought to a final arrest by the simple 
action of the vagus. The eflfect of the augmentor action on the 
other hand is to increase the expenditure of energy ; it saves the 
rest of the economy at the expense of the heart. And probably 
in some cases augmentor action may bring about the cessation 
of the heart beat. Disordered cardiac nutrition shews itself 
frequently in a dilated condition of the ventricles ; the systole 
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is iaadequaCe to secure an adequate discharge iDto the arteries ; 
the residual blood in the veiitriclea is iDcreased. If the augmeiitor 
inechanisiit l>e brought to bear un such a weakened and dilated 
ventricle, it may induce a fruitless expenditure of energy ; the 
beat though increased is still inadequate to secure the needed 
dischjirge of the contents, while the fibre is extiausted by the 
increased metabolisui. And the hnal result of such an effort may 
be the cessation of the beat. 

§ 192. Turning now to the minute arteries and the peripheral 
resistance which they regulate, we may call to mind the existence 
uf the two kinds of mechanism, the vaso-constrJctor mechanism, 
which, owing to the maintenance by the central nervous system of 
a tonic influence, can be worked both in a positive constrictor, and 
in a negative dilator direction, and the vaso-dilator mechanism, 
wliich, so far as we know, exerts its iuSueuce in one direction only, 
vi^. to dilate the blood vessels. The latter, dilator mechanism seems, 
aa we have seen, to be used in special instances only, as seen in the 
cases of the chorda tymi>aiii and nervi erigentes; the use of the 
former, constrictor mechanism appears to be more general. Thus 
the relaxation of the cutaneous arteries of the head and neck, which 
is the essential feature in blushing, seems due to mere loss of tone, 
to the removal of constrictor inHuences previously exerted through 
the vaso-constrictor fibres of the cer^'ical syniiiathetic. Though 
probably dilator fibres pass directly along the roots uf the cervical 
and uf certain cranial nerves to the nerves of the head and neck, 
we have no evidence that these come into play in blushing ; as we 
have seen, blushing may be imitated by mere section uf the 
cervical sympathetic. So also the 'glow' and redness of the skin 
of the whole body, i. e. general dilation of the cutaneous arteries, 
which is produced by external warmth, is probably another in- 
stance of diminished activity of tonic constrictor influences ; though 
the result, that the dilation produced by warming an animal in an 
oven is greater than that produced by section of nerves, seems to 

Soint to the dilator fibres for the cutaneous vessels which, as we 
ave seen, probably exist in the sciatic and brachial plexuses, and 
possibly in all the spinal nerves, also taking part in the action. 
A similar loss of constrictor action in the cutaneous vessels may 
be the result of certain emotions, whether going so far as actUEil 
blushing of the body, or merely producing a 'glow.' The warm 
and flushed condition of the akin, which follows the drinking of 
alcoholic fluids, is probably, in u similar manner the re.sult of an 
inhibition of that part of the vpso-motor centre which governs the 
cutaneous arteries. The effect of cold on the other hand, and of 
certain emotions, or of emotions under certain conditions, is to 
increase the constrictor action on the cutaneous vessels, and the 
skin grows pale. It may be worth while to point out, that in 
both the above cases, while both the cold and the wiirinth prrtduce 
their effects, chiefly, at all events, through the central nervous 



372 THE EFFECTS OF BODILY EXERCISE. [Book i. 

system, and very slightly, if at all, by direct action on the skin, 
their action on the central nervous system is not simply a general 
augmentation or inhibition of the whole vaso-motor centre. On 
the contrary, the cold, while it constricts the cutaneous vessels, so 
acts on the vaso-motor centre as to inhibit that portion of the 
vaso-motor centre which governs the abdominal splanchnic area ; 
while less blood is carried to the colder skin, by the opening up of 
the splanchnic area more blood is turned on to the warmer regions 
of the body, and the rise of blood pressure which the constriction 
of the cutaneous vessels tended to produce, and which might be 
undesirable, is hereby prevented. Conversely, when warmth dilates 
the cutaneous vessels, it at the same time constricts the abdominal 
splanchnic area, and prevents an undesirable fall of pressure. 

§ 193. The influence on the body of exercise illustrates both 
the manner in which the two vascular factors, the heart beat and 
the peripheral resistance, are modified by circumstances, and the 
mutual action of these on each other. This influence is exceed- 
ingly complex, and we cannot treat it properly until we have 
studied several physiological matters to which we shall come later 
on. We can here only touch in a general way on some salient 
points. 

We know from superficial observation that during active 
exertion the breathing is increased, the heart beats more quickly 
and apparently with greater vigour, and the skin, flushed with 
blood, perspires freely. 

The repeated strong contractions of the skeletal muscles to 
which we turn as the ultimate cause of these events aflfect the 
body in two main ways, the one chemical, the other physical. 
When the muscles contract they take from the blood a larger 
amount of oxygen, they give up to the blood a larger amount of 
carbonic acid, and they discharge into the blood, either directly 
into the capillaries of the muscles or indirectly through the lymph 
stream, a quantity of substances, probably of several kinds, such as 
sarcolactic acid and the like, which arise from the metabolism of 
the muscular substance. The blood leaving a muscle at work is 
chemically different from the blood leaving a muscle at rest 
There is also a physical change. During the contraction of a 
muscle the blood vessels are dilated; this when many muscles 
are at work would lead unless compensated to a lessening of 
peripheral resistance, and so to a fall of arterial pressure, for the 
minute vessels of the muscles form a large part of the whole 
system of minute vessels of the body ; at the same time it would 
increase the venous inflow into the heart 

Now we shall later on point out that the increased breathing 
which follows upon exertion is due to the chemical changes thus 
produced in the blood, and not only to the diminution of oxygen 
and increase of carbonic acid, but also, and perhaps especially, to 
the presence of the other products of metabolism referred to 
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above. ludeed, we hnve re&auD to think tlint tlie increase in 
breathing is sufficient fo maiutaiu tlie blood in a □urmal conditiou 
so tar as oxygen and carbonic acid are concerned ; the blood is not 
more venous during exertion than during rest : it is possibly less 
venous. The increased breathing, however, tliough it clears the 
bloiid of the excess of carbonic acid, leaves behind in the blood the 
other muscular products, ready to produce their effects on the body 
before they are got rid of by organs other than the lungs. 

This increased breathing promotes mechanically, as we shall 
point out later on. the flow of blood to the heart and through the 
lungs. And this, together with the increased venous flow from 
the contmi;ting muscles, favours the beat of the heart, supplying 
the means for a greater output, and probably also tending to 
increase the force of the systole. 

But there are other influences at work on the heart. The 
changes in the blood, and probably the presence of the above- 
mentioned metabolic products, no less than the excess of carbonic 
acid, so affect the vaso-raotor centre as to lead to a great widening 
of the cutaneous vessels ; at the same time, as we shall see, these 
so affect other parts of the central nervous system a.s to lend to a 
great activity of the sweat glands, by means of which the products 
in question are got rid of or rendered inert But the widening of 
the vessels of the skin and of many muscles at the same time 
must unless compensated lead to a fall of arterial pressure. We 
have evidence, however, that the arterial pressure does not fall, in 
fact, may be higher than normal ; a very marked couipensstion 
must therefore take place. This is probably of a double nature. 

On the one hand, the altered hlood increases the work of the 
heart, enabling it by a quicker rhythm or a stronger stroke or by 
both combined, to avail itself of the advantages of the greater 
venous inflow, and to increase its output, whereby the arterial 
pressure increases. We cannot suppose that this increased work 
is due to the direct effect of the altered blood on the cardiac 
muscles, for the altered blomi is distinctly injurious to muscular 
tissue. The increase of the heart's work is gained in spite of this 
influence of the altered blood, and is due to the intervention of 
the central nervous system. There are several facts which seem 
to support the view that the altered blood throws into activity the 
augmentor system, and thus by increasing the work of the heart 
raises or maintains the arterial pressure. - 

On the other hand, we have reason to think that while that 
part of the vaso-motor centre which governs the cutaneous vas- 
cular area is being inhibited, that part which governs the abdominal 
splanchnic area is, on the contrary, Iwing augmented. In this 
way a double end is gained. On the one hand, the mean blood 
pressure is maintained or increased in a more economical manner 
than by increasing the heart beats, and on the other hand, the 
blood during the esereise is turned away from the digestive organs 
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which at the time are or ought to be at rest, and therefore 
requiring comparatively little blood. These organs certainly, at 
all events, ought not during exercise to be engaged in the task of 
digesting and absorbing food, and the old saying, " After dinner sit 
awhile," may serve as an illustration of the working of the vascular 
mechanism with which we are dealing. The duty which some of 
the digestive organs have during exercise to carry out in the way 
of excretion of metabolic waste products is, as we have already 
said, probably taken on by the flushed and perspiring skin. It is 
true that at the beginning of a period of exercise, before the skin, 
so to speak, has settled down to its work, an increased flow of 
urine, dependent on or accompanied by an increased flow of blood 
through the kidney, may make its appearance ; but in this case, 
as we shall see later on in dealing with the kidney, the flow of 
blood through the kidney may be increased in spite of constriction 
of the rest of the splanchnic area, and, besides, such an initial 
increase of urine speedily gives way to a decrease. 

The 'distress' which follows upon undue exertion is also 
exceedingly complex. It tells upon the breathing, upon the 
heart, upon the whole nervous system, and even on the muscles 
themselves. We can only refer briefly to the heart 

We have seen (§ 158) that the action of the augmentor 
mechanism, in contrast to that of the inhibitory mechanism, leads 
to exhaustion. Hence during exercise it is desirable that the 
augmentor mechanism should be brought into play as little as 
possible ; indeed, we may perhaps suppose that it is not brought 
into action during exercise to any great extent until the waste 
metabolic products have accumulated in the blood beyond a certain 
extent; the increased work of the heart is probably up to this 
point chiefly due to the increased venous inflow. And possibly 
one effect of training for exercise is to bring about such a con- 
dition of the body as will get rid of these products as speedily as 
possible and so limit the call upon the augmentor mechanism. 

In distress, on the other hand, we may probably recognise in 
the heart the exhaustion consequent upon augmentor action; 
but matters are made still worse by the injurious direct action on 
the cardiac tissue of the waste metabolic products. The two so 
weaken the heart that the ventricles are no longer able to dis- 
charge into the arteries the proper quantity of l3lood and, the 
venous inflow still continuing, become abnormally distended. If 
the cardiac tissue be already enfeebled by disease this condition 
of things may lead to a cessation of the beat and so to death ; but 
in a healthy organism such an end is probably in most cases 
forestalled by the altered blood acting even more injuriously on 
other organs of the body. 

§ 194. The effect of food on the vascular mechanism affords a 
marked contrast to the effect of bodily labour. The most prominent 
result is a widening of the whole abdominal-vascular area, accom- 
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panivd by so much constrictioD of the cutaneous vascular area 
and so much iucreaseof the heart's beat as nre sufficient to neutra- 
lize the tendency of the widening of the abdouiinal vaacular i 
to lower the mean pressure, or perhaps even sulBcient to i 
slightly the ineau pressure. 

Xlie widening of the aWotuiual vascular area, as we have 
seen (§ 179), is probably au inhibition of tonic vaso-constriclor 
impulses as a reflex act, assisted possibly by some local action 
due to the presence of the food and similar to that supposed to 
take place in the skeletal muscles during contraction. We 
have at present no clear evidence that the absorbed products 
of digestion play any important part in this splanchnic dilation by 
acting on the central nervous system ; but the concomitant in- 
crease of the heart beat is probably due to this cause. We have 
no exact knowledge of how the absorbed products bring this 
about, and possibly the mntle of action differs with the different 
constituents of food. With regard t<» alcohol, which is so often 
part of a meal, we may perhaps say that the character of its 
effects, the quickening and strengthening of the beats, seems to 
point to its setting in action the augmentor mechanism, but it 
also probably acts directly on the cardiac tissues. In any case, the 
effects depend largely on the dose, and if this is large the direct 
effects become prominent, and the ultimate result is a deleterious 
weakening. 

Any large widening of the cutaneous area, especially if accom- 
panied by muscular labour and the incident widening of the 
arteries of the muscles, would tend ao to lower the general blood 
pressure (unless met by a wasteful use of cardiac energy) as 
injuriously to lessen the tlow through the active digesting viscera. 
A moderate constriction of the cutaneous vessels, on the otner hand, 
by throwing more blood on the abdominal splanchnic area without 
tasking the heart, is favourable to digestion, and is probably the 
physiological explanation of the old saying. " If you eat till you 're 
cold, you'll live to be old." 

In fact during life there seems to be a continual give-and-take 
between the blood vessels of the somatic and those of the splanchnic 
divisions of the body ; to fill the one the other is proportionately 
emptied, and vice versa. 

§ 196. We have seen {§ 174) that certain afferent fibres of 
the vagus, forming in the rabbit a separate nerve, the depressor 
nerve, are associated with the vaso-couHtrictor nerves and the vaso- 
motor centre in such a way that impulses passing centripetalty 
along them from the heart lower the blood pressure by diminixhiog 
the peripheral resistance, probably inhibiting the tonic constrictor 
influences exert«d along the splanchnic nerves, and so, as it v/erv, 
opening the splanchnic flood-gates. We do not possess much exact 
information about the use of these afferent depressor fihivs in the 
living body, but probably when the heart is labouring against a 
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blood pressure which is too high for its powers, the condition of the 
heart starts impulses which, passing along the depressor fibres up 
to the spinal bulb, temper, so to speak, the blood pressure to suit 
the cardiac strength. 

We have, moreover, reason to think that not only does the 
heart thus regulate the blood pressure by means of the depressor 
fibres, "but also that the blood pressure, acting, as it were, in the 
reverse direction, regulates the heart beat ; a too high pressure, by 
acting on the cardio-inhibitory centre in the spinal bulb (either 
directly, that is, as the result of the vascular condition of the bulb 
itself, or indirectly, by impulses reaching the medulla along afferent 
nerves from various parts of the body), may send inhibitory impulses 
down the vagus, and so slacken or tone down the heart beats. 

In the following sections of this work we shall see repeated 
instances, similar to or even more striking than the above, of the 
management of the vascular mechanism by means of the nervous 
system, and we therefore need dwell no longer on the subject 

We may simply repeat that at the centre lies the cardiac 
muscular fibre, and at the periphery the plain muscular fibre of the 
minute artery. On these two elements the central nervous system, 
directed by this or that impulse reaching it along afferent nerve 
fibres, or affected directly by this or that influence, is, during life, 
continually playing, now augmenting, now inhibiting, now the one, 
now the other, and so, by help of the elasticity of the arteries and 
the mechanism of the valves, directing the blood flow according to 
the needs of the body. 
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cise, 372 

„ circulation of, see Circulation 
„ pressure, arterial and venous 
compared, 203-211, 216 
„ „ in arteries. 203-211 

„ ., how measured, 204 et supra 

., in veins, 205, 209 
„ ,, mode of registering, 206 

., in capillaries, 210-213. 216 

„ phenomena of, 213 

,, Its relation to peripheral 

resistance, 213-220 
,. artificial scheme of, 217- 

221 
„ endocardiac, 241-247 
„ aortic and ventricular com- 
pared, 253-260, 287 
„ negative, 267 
„ as affected bv cardiac in- 
hibition. 312 
„ „ by stimulation of de- 
pressor, 343 
„ „ bv stimulation of sciatic, 

344 
„ „ by action of drugs, 361 
„ „ by changes in amount of 
blood, 362, 363 



Blood pressure, heart beat in inverse ratio 
to, 323 

„ serum, constituents of, 19 

„ supply, its influence on muscolar 

„ irritability, 149 

„ ventricular ' out- put ' of, 247 

„ vessels, their influence on flaiditv 
of, 28 
Blushing, its cause, 852, 371 
Body, the, characteristics of in life and 

death, 1, 2 
Bois-Reymond, du, key, 61 

„ „ on muscle-currents, 

111, 112 
Brachial flexus, constrictor and dilator 

fibres in, 333 
Buffy coat of clotted blood, 16 
Bulbus arteriosus, absence of nen'es in, 

293 

Calcium salts, their presence necessary 

in clotting of blood, 26 
Canalis auncularis in lower vertebrates, 

294 
Capillaries described, 13 

their permeabilitv, 13, 193- 

202 
structure, 190 
blood-interchanges effected in, 

13, 188, 193 
calibre, 194, 355 
plasmatic layer in, 356 
proportion of sectional area 

of, to aorta, 201, 212 
measurements of blood pres- 
sure in, 210 
disappearance of pulse in, 

211 
peripheral resistance in, 210- 
213, 216 

Capillary circulation, normal phenomena 

of, 211,355 
„ „ as affected by inflam- 

mation, 357 
Carbohydrates in white corpuscles, 41 

„ ' „ in muscle-substance, 103 
Cardiographic tracings. 250, 259 
Cardio-inhibitory centre, 310, 313 
Cardiometer, Roy and Adami's, 249 
Cells, ciliary, 164' 

„ „ actionof chloroform on. 168 

„ connective tissue, 189 
„ differentiation of, during develop- 
ment of ovum, 6 
„ endocardial, 199 

epithelioid, of capillaries, 193 

„ of arteries, 195 
epithelium, 165 
ganglionic, of heart, 294, 296 

„ of spinal cord, 175-178 
ner>'e, of splanchnic ganglia, 178 
„ of central nervous svstem, 
179-181 
of Purkinje, 293 
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CeUs, i«piral. 179.295 

„ uuipular and multipolar, 296 
Cement Kulwtance, 19;), 194 
Centre, canlio-inhibitor)-, 310 
vaiK>mutor, 343, 345 

„ limit8 of, 345, 346 
Cerebrin. 123 
rhangcM, aualKilic and katabolic, in 

living sabstance, 41 
rhauveau antl f^rtet, their h&*matacho- 
mcter, 224, 228 
„ and Marcy, their ni(Mlo of mea- 
suring euducardiac pretwure, 
240. 241 
Chloral, its efTect un action of deprcMttor, 

345 
Chlorides, their presence in serum. 51 
Chloroform, its effect on ciliarv action, 

168 
Cholesterin, its presence in blood, 51 
„ in red corpuscles, 52 
„ in nerve substance, 123 
„ in gall-stoues, 123 
Chromatin, 47 
Cilia, 164 
Ciliary movements, 56, 164 

„ „ cin'umstances affecting, 165 

Circulation of the blood, main facts of, 
203 
capillary, 212. 225. 355 
„ hvdraulic principles of the, 

213.214 
„ aids to, 221 

rate of flow. 222-228 
time occupied by circuit, 228, 
229 
„ constant and variable factors 

of, 365 
„ as affected by blood supply, 
367 
Clotting of blood. 15-30 
„ retarded by cold, 16 

by addition of saline 

solutions, 16, 22 
by oil, 21 
„ hv carbonic acid in the 

'blou<i, 21 
„ by injection of albu- 
' mose, 29 
„ causes of, 26 
., in the living lK)dy, 28 
„ favoured bv presence of foreign 

iNMlies, 2*1, 28,49 
„ of fluids other than blood, 23 
„ of ninsi'le plasma in rigor mor- 
tis, 101 
Coagulation of proteids by heat, 18 
Cohnheim's areas, 93 
(*old, its influence on clotting, 16, 21 
„ „ on irritability of muscle 

and nerve, 148 
„ „ on vascM'onstrictor action, 

371 
Connective tissue, structure of, 189 
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Connective tissue, 'loose,' 190 

., „ corpuscles, 191 

Constant current, its ai'tion, 128 

„ „ as compared with in* 

duction-sho(*k, 136 
Contour, double, of nerve fibre, 116 
Contractile tissues, the, 54-170 

„ material of muscle tissue, 

155 
Contraction of niusi*le, movements of 
iKxly due to, 55 
simple and tetanic, 59 
graphic method of record 

ing, 59 
simple, phenomena of, 69 
tetanic, 79-85 
of skeletal muscles, tetanic 

in character, 83 
wave of, 88 
microscopic changes during, 

94 
chemical changes due to, 

105 
thermal changes due to, 106 
ele(*trical changes during, 

115 
'making and breaking,' 128 
influenced by nature of stt* 

niulus, 138 
isometric and isotonic, 138 
prolonged, of red muscle, 
142 
„ as influenced by load, 143 

„ idio-muscular, 145 

exhausting effects of the 

products of, 152 
result of chemical changes 

in, 153 
of plain muscle, 161-164 
peristaltic, 161, 162 
spontaneous, 163 
tonic. 164 

relatitm of to amoeboid 
movements, 164 
,. of heart. 266 

„ features of, 302, 304 
Cord, spinal, 171 
„ „ diagrammatic metamere 

of. 172 
„ ganglia of the, 1 75-1 78 
„ „ reflex actions manifested 

bv the, 182 
„ „ coniua anterior of, ner%'e- 

cellsof, 179, 185 
Corpus Arantii, 2(N) 

Corpuscles, blood, not an essential part 

of dot, 16 
relations of, with th«* plasma, 

27 
connective tissue. 191 
red and white, relative pro- 
portions of, 38 
„ capillary walls 
permeable by , 1 94 
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Corpuscles, red, microscopic appearance, 

31 
„ structure, 32 

chemical composition, 

33 
as oxygen bearers, 33, 

35, 38 
formed in red marrow 
of bones, 37 
„ their passage through 

the capillaries, 356 
„ diapedesis of, 359 
white {see also Leucocytes) 
„ their connection with 

clotting, 29 
„ appearance and struc- 
ture of, 38, 39 
„ amoeboid movements of, 
38, 42, 47, 168, 356, 
358 
„ chemistry of, 40, 52 
type of all living tissue, 
41,44 
„ origin of, 44 

migration of, 45, 358 
work done by, 46 
their action as phago- 
cytes, 46, 47 
„ different forms of, 47 
„ nuclear network in, 47 
„ their behaviour in in- 
flammation, 336-338 
Cramp abolished by electrotonus, 135 
Crassamentum or clot, 15 
Currents of action in a muscle, 113 
„ in a nerve, 125 
of rest m a muscle or nerve, 
109, 125 
„ in electrotonus, 133 
electrical, constant and in- 
duced, 60, 61 
interrupted or faradaic, 66 
electrotonic, 132 
Curves, mode of measuring, 236, note 
Cycle, cardiac, described, 232, 264 

duration of phases, 262 
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Death, a gradual process, 1 

slow clotting of blood after, 27 
of blood corpuscles, 38, 46 
„ from failure of heart's action, 
369 
Degeneration of severed nerve, 146, 147 
of muscle after severance 

of nerve, 147 
of constrictor prior to di- 
lator fibres in severed 
nerve, 333 
Depressor nerve, 343, 375 
Despretz signal, 74, 75 
Diapedesis of red corpuscles, 359 
Diastole of heart's action, 232, 235 
Dicrotic wave, origin of, 282-287 
Dicrotism in pulse tracings, 280 
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Dicrotism less marked in rigid arteries, 

283 
Differential manometer of Hiirthle, 254, 

255 
Distress from undue exertion, nature of, 

374 
Division of labor, physiological, 6 
Dudgeon's sphygmograph, 271 

Elastic fibres in connective tissue, 192 

„ membrane of arteries, 1 95 
Elasticity, diminished, in exhausted 
muscles, 152 
of arteries, as affecting 
circulation, 214 
„ as affecting dicro- 
tism, 285 
Elastin in yellow elastic fibres. 1 92 
Electric changes during muscle contrac- 
tion, 108 
„ „ in a nerre impulse, 125 

„ stimuli described, 60 
„ organs of certain animals, 122, 
157 
Electrotonic currents, 132 
Electrotonus, features of, 130 
Embryo of mammal, origin of red cor- 

pusdes in, 36. 37 
„ „ glvcogen in muscles of, 

'l03 
End-plates of nerves, probable action of 
urari on, 59 
„ the two parts of, 121 
„ their analogy with electric 
organs of animals, 122, 
157 
Endocardium, its structure, 199 
Energ}-, potential, of living and dead 
bodies, 1 
„ of living body expended in 

work, 2 
„ of dead body shewn as heat, 3 
„ renewed and set free by diffe- 
rent tissues, 6 
„ of muscle and nerve, 153-157 
Eosinophile cells, 48 

Epithelioid or endothelioid cells of ca- 
pillaries, 193 
Epithelium of arteries, 195 

„ ciliated, 164 

Eustachian valve in adult life, 232 
Exercise, effect of, on the musclei>, 150 
„ „ on vascular mecha* 

nism, 372, 373 
Exhaustion of muscle and nerve tissue, 
145, 151, 152 

Fainting, a result of cardiac inhibition, 

314, 368 
Faradization, 67 

Fatigue, its effect on muscular irrita- 
bility, 142,151,322 
„ sense of, its nature, 151 
Fats, in white corpuscles, 42 
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Fats, in blood, 51 

„ in nen'e timae, 117, 123 
Fear, inhibitory action of, 187 
Fenestrated membrane of arteries, 196 
Ferment, fibrin, efficient cause of coagu- 
lation, 24 
,, „ its action on fibrinogen, 

26 
Fibres, mnscnlar, Mee Muscle 
„ nerve, see Nerves 
„ elastic, in connective tissue, 192 
Fibrillae of muscle-substance, 93 

gclatiniferons, 190 
Fibrin, 15 

„ its development during clotting, 1 6 
„ its proteid nature, 17 
„ structure, 18 
„ causes of its appearance, 20 
Fibrin-ferment, 24 

Fibrinogen, its precipitation from plasma, 
23 
„ its conversion into fibrin, 25, 

26.30 
Fick, spring-manumeter of, 269, 270 
Fluid, senuiH, 23 
Fluidity of living bloo<l, 26 

„ ' of bloo<l in the vessels after 
death, 27 
Food, ama>lN>id abtwjrption of, 3 
„ carried to the tissues by the blood, 

8 
„ its gradual change into living 

substance, 42 
„ ingestion of, by white corpuscles, 

42.46 
„ its effect on vascular mechanism, 
374 
Freezing, its effect on muscle, 100 
Frey and Kn^hl, manometer of, 246, 247 
Frog, rheosctipic, 114 
„ capillary circuhition in, 21 1 
„ brainlcsfl, phenomena shewn by, 
56. 182, 183 

(lail. manometer of. 246 
(ialvanic battery descrilKxl, 61 
Ganglia, spinal, 1 73, 1 75 

„ of spliuichuic Hvstem, 178, 181, 
186 
cardiac, of lower vertebrates, 293 
„ of frog, 294, 301 
„ of mammal, 295, 296 
„ relations of the, 301 
(iaiiglion stellatuni, 314-316 
Ganglion cells, their stnicturc, 175, 177, 

178 
(ia.<kell, his method of recording heart 

l»eat, 297 
(ielatin, composition and projierties of, 

190 
Gland, salivary, venons pulse in, 287 
„ submaxillary, of dog, double nerve 
supply of,* 329 
Globulins, a group of ])roteids, 19 
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Globulins, their changes to acid and 

alkali albumin, 99 
Glycogen, its presence in white cor- 
puscles, 41 
in muscle-substance, 103 
in plain muscle, 161 
Goltz and Gaule, maximum manometer 

of, 260 
Granules in white corpuscles, 39, 42, 47 

Iliemacytometer describe<l. 34 
Hwmadromometer of Volkmann, 222 
Uffimatachometer of Vierordt, 223 

„ of C'hauveau and Lortot, 224 
Ilsmatin, 33 

„ its relations with bilirubin, 35 
Iliematoblasts describe<l, 37 

„ development of, 46 

Hemoglobin, 33 

an oxygen-1)earer, 35, 38 
its proportion in red cor- 
puscles, 51 
„ in red muscle, 100 
Haemorrhage, its effect on blood pressure, 

362 
Heart, 231-268 

beat, normal, 231 

„ mechanism of. 250 
„ summary of. 265. 266 
„ n^gulation of, 289 
„ <Ievelopment of, 296 
„ aualyfiiH of, 300 
H government of, by uer>'oiis 
svstc^m. 305 
augmentation of. in frog, 
307-31 1 
., in mammal, 311 
inhibition of, in frog. 306 
„ in mammal, 31 1-314 
„ regulation of, by nutrition, 

320 
„ relation of, to pressure, 323 
„ intrinsic regulation of. 366 
„ sudden stoppage of, 370 
cardiac cycle, 232-235 
auricular systole, 233 
ventricular systole. 234 
change of form. 235, 237 
cardiac impulse. 237 
sounds of the, 238 
enilocanliai' pressure, 241-247 
' imt-pnt • of the, 247 
ventricular pressure in the, 252- 

262 
negative pressure in the, 260, 261, 

267 
duration of cardiac phases, 262 
work done by, 267, 268 
histology of.' 290 

muscular tiivne of. in fn>g*s, 291, 

302 
„ ., .. in mammals, 292 

„ nerves of. 293 

.. in frog, 294 
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Heart, oerves of, in mammal, 295 

„ cuutraction, features of, 300-305 
Heat giveu out bv contractiug muscle, 

106 
Helmholtz's magnetic interruptor, 68 
Henle's sheath of nerve fibre, 121, 177 
Hermann on muscle currents, 112 
llistohoematin in red muscle, 100 
liijrthle, membrane manometer of, 244- 
246 
„ tracings of ventricular and 
aortic pressure bv apparatus 
of, 253, 254, 258. 259, 284 
„ differential manometer of, 254 
maximum and minimum mano- 
meter of, 261 
„ tambour sphygmoscope of, 270 

Impulses, nervous, 58, 125 

„ „ nature of, 157 

„ cardiac, 259 
Induction coil, construction of, 63 
Inflammation, phenomena of, 356 
Infusoria, ciliary motions in, 167 
Ingestion of matter by cells, 47, 48 
Inhibition, cardiac, phenomena of, 306 

et supra 
,f f ainti ng a result of , 3 1 4, 

368 
,, effect of atropin on, 
318-320 
Inhibitory nerves. 186 

fibres in vagus of frog, 309 
„ in vagus of mammal, 
311 
cardiac, continuous ac- 
tion of, .314 
„ their analogy with vaso- 
dilator fibres. 331 
Inogen. or 'contractile material of 

muscle,* 155, 156 
Insect ninscles, fil)rillrt? of, 92 
Interfil)rillar substance of muscle, 92, 

93 
Intermediate line, in muscle fil)re, 94 
Intorniittence. cardiac, 322, 368 
Interruptor, majrnotic, 67 
Intrinsic tone of artery walls, 348 

„ regulation of the heart, 366 
Irrital)ilitv, muscular and nervous, 57- 

85 
„ their mutual indepen- 
dence. 58, 147 
diminution and disappear- 
ance of. after death. 84 
as affected by electrotonus, 

130 
circumstances determining, 

145 
centrifugal loss of, in severed 

nerve, 146 
influence of temperature on, 

148 
„ of blood supply on, 149 
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Irritability, influence of functional ac- 
tivity on, 150 
presence of oxygen a condi- 
tion of, 152, 156 
prolongefl, of heart, 299 
Irritants, inflammatory action of, on 
tissues, 357 

Katabolic changes in living tissue, 41, 

43 
Katelectrotonus defined, 131 
Kathode or negative electnxle. 61 
Key, galvanic, various forms of, 62 
Krause's membrane, 92 
Kreatin, its presence in the blood, 51 

„ chemical composition, 104 

„ in plain muscle, 161 
Kymograph, Ludwig's, for recording 
blood pressure, 210 

Labour, phvsiological division of, 6 
Lactic acid, its presence in the blood, 
52 
„ „ isomeric variations of, 101, 
note 
Laky blood, how formed, 32 
Lecfthin, in stroma of red corpuscles, 33 
in white corpuscles, 40 
in the blood, 52 
in muscle-substance, 103 
in nerve tissue, 123 
Leucocytes in the lymphatic system, 44 
their origin, 45 
different forms of, 189 
in connective tissue, 191 
Leucocvthffimia, increase of white cor- 

puscles in, 46 
Life, processes of, 1 
Liver, destruction of red corpuscles in 

the, 36 
Living substance, food and waste of, 3 
Ludwig, stromuhr of, 223 
Lymph, the, a medium of exchange 
l>etween blood and tissues. 
13, 14, 193 
salts present in. 41 
migration of white corpuscles 

into, 358 
coagulable, in inflammation. 
358 



M 



t* 



t* 



ft 



>» 



tt 



»» 



ty 



»» 



>» 



Magnetic interruptor, 67 
Making and breaking currents, 61-69 
„ „ contractions with the 

constant current, 12s 
Manometer, for mea.^uring blood ]ires- 
sure, 206 
maximum and minimum. 

260, 261 
of Gad, 246 
of Krehl, 246 
of Kick, 270 
Medulla of nerve-fibre, structure of, 118, 
119 
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Medulla oblongata, cardiac effect of 

Htiiimlatiou of, 
310. 
centre for uerves of taste 
ill, 340 
„ for constrictor iin- 
pulmw in, 342-350 
Membrane, cla8tic, of arteries, 195 

„ fenestrated, 196 

Membrane-manometer of lliirthle, 244- 

246, 269 
Metaliolism defined, 41 

„ increawHl by exercise, 372 

Metameres, hv]>othetical, of spinal cord, 

171, 172 
Micro-unit of heat defined, 107, note 
Migration of the white corpui»cleH, 45 

in inflammation, 358 
aided by changes in 
viiscular walls, 360 
Millou's reagent for detection of proteid, 

17 
Morse kev, 63 

Movements of ImhIv, how accomplished, 
55 * 
„ ciliarv, 164 

amu'fM»id. 168, 358 
„ cardiac, vi:<iblo, 231 

Multi|)olar cells of splanchnic ganglia, 

181 
Muscarin, its action on cardiac tissue, 

319 
Muscle, irritability of, 57 et supra 
„ phenomena of contraction of, 69- 

164 
„ tetanic cimtractitm of, 79-84, 141 
„ gross structure of, 86 
,, w:iv<' <»f rontnu'tion, 88 
„ minute structure of, 90 
striated, 93 

„ under |K>larized light, 95, 
96 
„ mobility of, 97 
., chemist rv of, 97-106 
., living and dea<l, contrasted, 97 
., <lead, ehemistry of, 98 
„ rigid, acid reaction of, lOl 
., li\iiitf, reacticm of, 102 
„ chemical changes due to contrac- 
tion, 105 
„ thermal changes due to ctmtnu*- 

ti<»n. 108, 153, 163 
„ ehn'trical changes in. los 
„ action of the constant curnMit on, 

128-134 
„ work done by, as influenceil by fa- 

' ligue, 142, 151 
„ by l(»ad, 143 
„ bv size and form of mus- 

* de. 144 
„ by iem|M»rature, 148 
„ bv bltMMl supply, 149 
„ bv fuiu'tional activity, 
' 150 
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Muscle, oxygen consumed during con- 
traction of, 154. 155, 372 
„ contractile material of, 1 55 
„ contraction of, a chemical process, 
156 
plain, structure of, 158 
„ arrangement of uen'es in, 160 
„ chemistry of, 161 
„ characters of ctmtraction of, 

161 
„ sjxHitaneoas contraction of, 

163 
„ Umic contractiou of, 164 
„ nutritiou of, 150 
„ canliac, 291-293 

unlike skeletal muscle, 302, 

3a3 
s|H>ntaneou8 rhythmic con- 
traction of, 304 
,, vascular changes in, 334 
„ changes due to contraction of^, 372 
Muscle-currents, 109-112 

„ „ negative variation of, 1 13 

Muscle-curves. 69 

„ analysis of, 75 
„ variations of, 78 
„ tetanic, 79 
Muscle-nerve pre}\aration, 59-85, 113 

„ ., as a machine, 138 

Muscle-plasma, KM) 
Muscle-serum and clot, 100 
Muscle-sound, 142, 14.3 
Myocanliograms, 252 
Myoglobulin, KM) 
Myograph, 70 

„ |>endulum, 72 

Myosin in dead musi-le, 98, 99 
Myosinogen in living muscle, 101 

Negative pressure in heart, 260, 261, 267 
Nerves, irritability of, 57 d supra 
„ end-plates of, 58 

„ their connection with mus- 
cular fibres, 87, 120 
„ their analogy with elec- 
trical orfi:aiis, 122, 157 
„ structure of, 116. 117 
„ their endings in plain mus<>le, 160 
„ „ ,, in striatetl musele, 120- 

122 
„ chemistry of, 123 
„ severe«l, degenerative changes in 

146 
,. „ regeneration of, 147 

„ mixetl, 173 

„ abdimiinal splanchnic, 173 
„ „ „ vas<M*onstrictor fibres 

in, 328. 334, 339 
„ brachial plexus, constrictor ami di* 

lator fibres in, 332, 333 
„ canliac. 293-296. 314 
,. cervical sympathetic of frog, canliac 

augmentor fibres in, 
308-310. 
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Nerves, cervical sjrmpathetic of f ro^, vaso- 
constrictor fibres in, 
326-^28, 332, 341 
not exclusively vaso- 
constrictor,'3d2 
chorda tympani, vaso-dilator fibres 

iu, 329, 332 
depressor, vaso-motor functions of, 

343, 344, 375 
inhibitory, 186 

pneumogastric, see Nerve, vagus 
„ sciatic, constrictor and dilator fibres 
in, 332, 333, 344 
spinal, 172 

anterior and posterior roots 

of, 173 
accessorv, cardiac-inhibitory 
fibres in, 313-316 
„ thoracic, 342 
Nerve cells of spinal cord, 179, 180 

f, „ ganplia,175.l78.l79 

of splanchnic ganglia, 178, 

179 
of cardiac ganglia, 296 
spiral, 179 
Nerve fibres, their structure, 116-123 
medullated, 118-120 
non-meduUated. 122 
efferent and afferent, 173 
revehent, 174 
in spinal cord, 180, 185 
vaso-constrictor and vaso- 
dilator, 331 
„ course of, 335 
vasodilator, course of, 337 
Nervi erigentes, vaso-iiilator fibres of, 341 
Nervous system, central, cells in grey 

matter of, 179 
Nervous system, central, centres for auto- 
' matic and reflex actions in, 181 
„ „ vaso-motor functions of, 

340, 345 
Neurilemma, defined, 117, note 
,, structure of, 119 

Neurin, 123 
Neuroglia, 180 
Neurokeratin, 119, 124 
Nicol prism, 95 

Nitrogen, proportion of, in proteids, 1 7 
Nitrogenous waste not increased by mus- 
cle contraction, 106, 108 
Node of Ranvier, 117 
Notch, dicrotic, iu pulse-tracings, 281 
Nuclear network in white corpuscles, 47 
Nuclein in white corpuscles, 40 

„ a modified proteid, 43 
Nucleolus In ganglionic cells, 176 
Nucleus of white corpuscles, how shewn, 
39 
of neurilemma, 119 
of non-medullary nerve-fibre, 122 
of a ganglionic cell, 1 76 
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* On^put * of blood by ventricle, 247 

„ „ increased by angmeutor 

action, 31 7 
Oxygen, its absorption by the living 
body, 2 
borne by the blood to the tis- 
sues, 13 
in proteids, 17 

borne by hemoglobin, 33-35 
presence of, necessary to ner- 
vous irritability, 154-156 
consumed during muscular con- 
traction, 154 
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Oil, clotting of blood retarded by, 21 



Pallor caused by emotion, 352 
Palpitation of heart, causes of, 369 
Paraglobulin, a constituent of blood- 
serum, 19 
„ precipitated from plasma, 23 
Pendulum myograph, 72 
Pericardial fluid, its persistent fluidity in 

pericardial bag, 28 
Peripheral resistance, defined, 213 

„ its action in the circula- 
tion. 220 
„ illustrated by model, 217 
„ lowered by action of de- 
pressor nerve, 344 
,, affected by vaso-motor 
chan^, 338 
„ by condition of vas- 
' cular walls, 360 
„ by changes in cha- 
racter of blood, 
360 
zone in capillary contents, 356 
Peripheral zone, white corpuscles present 

in, 357 
„ blood platelets in , during 
inflammation, 358 
I'eristaltic contractions of plain muscle, 

161 
Phagocytes, 47, 48 
Phosphates in muscle ash, 104 

„ in nerve ash, 125 
Phospliorus, a constituent of nuclein, 

40 
of serum, 51 
of lecithin, 1 23 
Physiolog}', divisions of, 3 
„ problems of, 9 

Physiological unit defined, 6 
Pigment, yellow, of serum, 51 

„ of bile, formation of, from ha- 
moglobiu, 38 
Plasma-corpuscles in connective tissue, 

191 
Plasmatic layer in capillary contents, 

356 
Plasm ine, properties of, 23 
Plateau, svstolic, 247 
I'latelets, \)lood, 30, 48, 358 
Plethvsmofifraph, principles of its action, 
224, 228,^248 
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1 


rlethvumoRrapli, aiiiuuiit u( blood in 


RhytUmic chauRHB of calibre in arterr. 1 


■ 


I«rta ilelotmiued by, 332 


395 ■ 




Vhxu: brachial, coratrictor aud dilator 


heat of cardiac HuUMuce, 361 ■ 




flbres in. 333 


Hig..r morti.. characten of. 98 ■ 




PoUriJiiug current, itriubflity of nerve 
affocteJby. 130 


acid durinc, lOJ-lW ■ 










„ Inmiucle tiMne. loa 


into myotin during. llMi 1 




rnware. arterial. «m Bloo.1, preuuce 


progreMive order of, 149 ■ 




l-rimitive «heath of norTB fibre. 115 


,1 „ •■ cunipBred with contrac- H 




rrimonlial utricle, * 


tion. 155, 156 ■ 




Proteids, general coraprnition of. 1 7 


Hitter Valli law, the, 146 






Koow of spinal uerve*, 173 






Hov, (.phygmotouometer of, 970. 979 
„ perfujion cannula of, *97 




Protoplwm, deflnitioD of. 4 




■■di(Iorouiiii»d,"« 


Roy and Adami, cardionieter of. 949. 






259 












iiig cndocarJioc prcuure of, 943, 






944 












Saline lolntton, normal, defianl, le, 






note 




menu* of. 168 


SalU, catcintD, clotting w affected Uy, 




l>ali>e, the. !03, 369 












_ ATtiHcinl, 97.1. 976 


ont " hoart ai affected 




.. rhamcun of, 976 


by. 391 






Sarcolenima. Ktructura of, 86 




„ dierotinni iu. :^8()-386 


Kelfinductioo. 66 






Semilouar valvea of heart, their itmc- 


I 


.. venoiu. 987 


lure, 199 




PnWi>olniae. 9&o. 367 


their action, 934 




I'ulH-mive, chati|{cs of. io the ftrteriei, 


,. dicrotic wave ai formed 




977 


by cloenre of, 984. 




.. .. wlociir of tho, 979 


S8S 




.. ,. Ifiigthof IhB. 979 


Septal ganglia of heart of frog. 995 
Servat Hniil*, artificial clotting of. S3 
Serum, 15 


( 


I'lm corpu»clo«. their furmatiou, 45 




Hailial artery, tracingi of tho pulie in 




the, i71-M73. 978, 1(81 


50 




Ranvier. node of. in nerve fibre. 117 


.. complex Mtnn of. .103 
Sheath. pnmiliTe, of nerTe-fihie. 1 1 7 




„ division of nerve fibre 




takes plare at. 131 






Reflex actioDi, jteneral featnroi of, 189- 


Shuck, indnction. 63 






in operation, rrautti of, 347 




„ not alway* proportioned 


Shott«rcniting, 61 




toMimnliu. 189 


.Sodinm cbtoride. it* action on pUnna, 




„ „ often parpotefnl in char 


99.96 






Somatic division of ipinal aene, 173 






Sonnds, mo^cal, of contraciing mtude. 




Rofractorv period of cnnliac roDttaction, 


14!. 940 




304 " 


of the heart, 939-941. 963. 16« 




Relaxation of muacalar fibre an e«mntial 


SphvgmogTaph. Ihidgeon'e. 971 




put of cuntraction. 76, 90. I.U, 169. 


SphygmoKOpe. 970 




331 


Rm^('ella.l79 




Reoak, RUglion of, in heart of froir. 




994 






Rmpiratory moremenu, rimilniion 






aided bv. 991 


ganglia. 178 




Rheometcr of Ladwlg, sas 




I 


RhooKopic frog, 113 




1 


„ „ cnrrent of action iihewn 


nbrmin.991 




in. 1« 
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** Spleen-palp/' destmction of red cor- 

pii8cle8 in, 36. 
Spring-manometer, 245 
Stagnation stage of inflammation, 359 
Stasis of circulation in inflammation, 

359 
Stearin, its presence in blood, 51 
Stellate ganglion, composite nature of 

the, 316 
Stimuli defined, 57 

various kinds of, 60 
necessary characters of, 140 
StolnikofF's method of measuring the 

* out-put ' of the heart, 247 
Striation of muscle-tissue, 91 

„ of cardiac muscle-tissue, 304 
Stroma of red corpuscles, its composi- 
tion, 32 
„ embryonic formation of, from 
protoplasm, 36 
Stromuhr of Ludwig described, 223 
Substance, living, compared with dead, 

3,97 
metabolic changes in, 

41-43 
chemical composition 
of, 43 

Sn^r, its presence in the blood, 52 
Sulphur in proteids, 17 
Sympathetic system, fibres to plain 

muscles supplied by, 158, 162 
Sympathetic system, its connection with 

spinal nerves, 1 73 
„ „ ganglia of the, 1 78 

Syntonin, 99 

Systole, auricular and ventricular, 231- 
235 
ventricular, a simple contrac- 
tion, 240 
and diastole, comparative dura- 
tion of, 262-264 
amount of blood driven by each, 

2a3, 267 
work of papillary muscles in, 
233, 234 
Systolic plateau, the, 247, 252, 256, 266 

Tambour, Marey's, 242 
Tamlwur-sphygmograph of Hiirthle, 270 
Temperature of living bodies, 2 
as affecting clotting, 20 
„ irritability, 145. 148 
„ plain muscle, 163 
„ ciliary action. 167 
„ vaso-motor fibres, 333, 
353 
Tetanic contraction, its nature, 59 

„ „ due to repetition of 

stimuli, 59, 141 
Tetanus, phenomena of, 79-84 

„ carbonic acid evolved during, 
105 
exhaustion of irritability from, 
152 
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Thermopile, various forms of, 107 
Thrombi, white, their nature, 49 
Tigerstedt, his method of measuring 

cardiac out-put, 248 
Tissue, connective, 189-192 
Tissues not indispensable for life, 3 
„ classification of, 6 
„ similarity of histological ele- 
ments of, 41 
„ contractile, 55-170 
„ nervous, 171-187 
„ vascular, 188 et supra 
Tone, arterial. 326, 350 
„ general, 338-<}46 
„ bulbar vaso-motor centre for, 342- 

349 
„ intrinsic nature of, 349 
Tortoise, persistence of ventricular beat 

in, 301-304 
Tricuspid valves. 232 
Tuning-fork, velocity measured by, 71, 
72 

Unit, physiological, defined, 6 
Urari, the nature of its action, 58. 88 
Urea, a constituent of the blood, 52 

„ absent from muscle-tissue, 104 

„ as nitrogenous waste, 104 
Utricle, primordial, 4 

Vagus, inhibitory action of, 184 

„ government of heart beat by, in 

frog, 244, 306 
„ cardiac augmentor and inhibitory 
fibres in, 296. 307, 333 
Valves of veins, 199, 221 
„ of the heart, 199 
„ „ „ their action in circulation, 
232-235 
„ „ sounds caused by their 
closure, 239, 240 
„ tricuspid, their action, 
233 
semilunar, of the pul- 
monary artery, 
234 
„ „ „ „ of aorta, 239, 257 
„ Eustachian, 232 
Vasa vasorum of arteries, 197 

„ „ of veins, 199 

Vascular mechanism, 188-376 

main features of, apparatus, 

200 
main regulators of, apparatus, 

289, 305, 324 
walls, their action on the blood, 
27 
„ alteration of, in inflam- 
mation, 359 
Vaso-motor action, 324-354 

„ „ arterial tone due to, 326 

„ effects of, 338 
„ cutaneous and splanch- 
nic, compensatory, 373 
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Vaso-motor actioD, compensatory in Iom 

and increase of blood, 
362 
„ summary of, 350 
centre, 342-349 
,, limits of, 346 
„ relations of, to other 
centres. 346 
fibres, constrictor, 328-330, 
335 
„ course of, 335, 
341, 350 
loss of medulla 
in, 336, 351 
„ tonic action of, 
338-346, 350 
„ „ chiefpartsofbody 

supplied by, 341 
„ dilator, 331 
„ „ course of, 337, 338 
„ „ usually emnloye<i in 

retlex action, 340 
„ „ retention of medulla 
in, 351 
functions of the central ner- 
vous svstcm, 340 
nerves of veins, 353 
Veins, structure of, 198 
minute, 199 
valves of, 199, 221 
their capacity as compared with 

arteries, 202 
walls of, 202 

bliMMl pressure in, 205. 209 
,. vaso-motor nerves of, 353 
Velocity of nervous impulse. 76 

of nmscular contraction, 89 
comparaiive, of arterial, venous 
and capillarv circulation, 211- 
222 
of arterial current, 222 
of How in capillaries, 225 

,. in venis, 226 
of blood current, 279 
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Velocity of pulse-wave, 279 
Venous' circulation, aids to, 221 

„ pulse, 287 
Ventricle of heart of frog, its action in 
heart beat, 279-301 
„ „ of tortoise, isolated, spon- 

taneous heart beat of, 
301,302,305 
Ventricles of the heart, synchronism of • 

their action, 232 
„ „ their change of form in 

cardiac cvcle, 235 
Vibrations of muscle sound, 142 
Vierordt, his hsmatachometer, 223 
Vieussens, annulus of, 308, 314-317 
Volkmann, his hnmadromometer, 222 
Voluntary movements, their tetanic 
character, 142 

Waste matters, their discharge from the 

body, 2 
„ „ given out by am(£l)as, 4 

„ „ not necesnrily useless, 

43 
„ nitrogenous, 104 
„ „ not increased bv muscle 

contraction, 105. 108 
Wave, dicrotic, origin of, 282-287 
„ predicrotic, 286 
„ anacrotic, 287 
Waves of contraction, muscular, 88 

„ of ner^'e and muscle impulse, 127 
Web of frog, arterial changes visible in, 

324 
Work, mechanical, in living body, 2 
„ done by a muticle nerve prepara- 
tion, 138 et supra 
„ amount of, done i)y heart, 267 

Xanthopriiteic test for proteid, 17, 18 

Yellow elastic fibres, 192 

Zone, peripheral, in capillaries, 356 
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,•, Since his revision of Paris JV. and V. for the sixth edition, Dr. 
Foslcr has carefully gone over the earlier portions of his great work, adding 
the results of the most recent research. Part I. has thus been brought up 
to (late completely, and ihe sixth edition of Parts II. and III. will be pre- 
pared as rapidly as the nature of the work permits. 

"The pment slition is more tlun \»i^f rerUed. Uuch of i1 
tiToucht quitt Atmail with (he latest wave of ^ogna oi phyuoLu ^' 

of this work i» its judidil temper, ■ ilrict "ifting o( fact from li , . . „ — 

candusioni based on inadequate data, and small liking shown lowatd fandful Chongti la 
ating hypulhcscs, and the avowal that to many question^ and some of fDremost mteresb van 
moniail, no satistyinK uuwers am yet be given." — Vtw Engirnu/ Mtdkal Jatmal. 

" II is in all repecis an ideal leil-book. I 111 only Ihe phy^lugist, who hu devoted time 
to Ihe study of some tmnch of the great science, who can rod between Ihe lines of this «i 



derf ally geperaliied mount, and can tee upon what an intinuteand extensive kaowledge iheae 
gmeraliulioni an founded. It is only [he teacher who can appteciale the Judidoiu balandng 
of evidence and the power al pnaenling Ihe ronclusiont in such cleu and lucid fe 



modesty of the author In keeping the element of self lo entirely in the 
liack^round must be appreciated. Reviewmg this vulumr a a whole, we are luitificd in uymg 
that It is Ihe only thoroughly good lex^bDok of physiology in Ibe English bnguage, and ttitf 
it i* probably Ibe best teil-book in any language." — Etlittbrnrgh Mnival Jeurital . 

THE ELEMENTS OF EMBRYOLOGY. 

By MiCHAKL FosTF.R. M.A., M.U., LL.D, and the late Francis M, Bal- 
POUR, M.A,, LL.D., F.R.S. Second Edition. Revised and Enlarged. 
Edited by Adam Sedgwick, M.A , and Walter Heaps. With illus- 
trations. I imo. S1.60. 

" A book specially adapted to the needs of medical student*, who will find in it alt tliat 1$ 

A COURSE OF ELEMENTARY PRACTrCAL 
PHYStOLOCY. 
By M. Foster, M.D.. F.RS., and J N. Langlev, M.A., F.R.S. Fifth 
Edition. Enlarged, latno. fx.oo 

PHYSIOLOGY FOR BEGINNERS. 
By Dr. Michael Foster, LL.D., F.R.S.. and Dr. L. E, Shore. With 

illustrations. Shortly. 



MACMILLAU 4 CO., 66 Fifth Avenue, New York. 



MACMILLAN & CO.'S PUBUCATIONS. 



Just Published, with 38) Illustrations. Svo. #5.50. 

TEXT-BOOK OF COMPARATIVE ASATOMY 

By dr. ARNOLD LANG. 

PROFESSOR OF ZOOLOGY IN THE UNIVERSITY OF ZURICH ; FORMERLY 
RITTER PROFESSOR OF PHYLOGENY IN THE UNIVERSITY OF JENA. 

IVi^A Pref(ue to the English Translation 
By professor DR. ERNST HAECKEL, F.R.a, 

DIRECTOR OF THE ZOOLOGICAL INSTITUTE IN JENA. 

Translated into English by 
HENRY M. BERNARD, M.A. (Cantab.), and MATILDA BERNARD. 

)PaTt I. 

Complete, with Index and 383 illustrations. Svo. $5.50. 



This translation of the first volume of Professor Lang's Lehrbuch tier 
VergUichende Anatomie may be considered as a second edition of the 
original work. Professor Lang kindly placed at our disposal his notes, 
collected for the purposes of emendation and expansion, and they have 
been duly incorporated in the text — From the Translator's Preface. 

Professor Lang has here successfully carried out the very difficult 
task of selecting the most important results from the bewildering mass 
of new material afforded by the extensive researches of the last decades, 
and of combining them with great judgment. Besides this he has, more 
than any former wTiter, utilized the comparative history of development 
in explaining the structure of the animal body, and has endeavored 
always to give the phylogenetic significance of ontogenetic facts. Lastly, 
he has, by the clear systematic reviews of the various classes and orders 
which precede the anatomical account of each race, further facili- 
tated the phylogenetic comprehension of complicated morphological 
problems, his wisely chosen and carefully executed illustrations assist- 
ing materially in this result. It is therefore with great pleasure that I 
commend this book to the English student, in the hope that the English 
translation will promote to as great an extent as the German original the 
wider study and better comprehension of animal morphology, and 
will attract new students to this noble science. — From Professor Hcuc- 
kePs Preface, 
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Revised Edition. Enlar^, with Ulnstrations. $2.60. 

Lessons in Elementary Biology. 

Ily T. JEFFKEY I'AKKEK. B.Sc, F.R.S.. 

FROrESIOII or niOLlXiV IH TIIK UNtVIRllTV OF OTAQO UUNEDIK, NEW ilaianO. 

a Synopw, Index, and Glossary. Svo, $3,&i. 



In his preEace (O the new edition of the well-known PracHml Sia/fgy, FinUaaor 
Huiley B'ves his reatoni for beginning Ihe study of orgaoiied nature with the 
higher forma of animal lite, to Ihe abandonment of his earlier method of worlcinK 
from the simpler lo Ihe more complex organisms. He says in effect th.tt eipen- 
cnce ha.* taught him the unwisdom of taking the beginner at once into the new and 
strange region of microscopic life, and the advantage of making him commence his 
studies with a «ub|ec:t of which he is bound to know something, — the elementaiy 
anatomy and iihysiology of a vertebrate animal. 

Most teacher* wiil probably agree with Ihe general truth of his opinion. On 
the other hand, ihc advantage lo logical trcatmem of proceeding fiom the simple 
10 the complex — of working upwards ftoni proiists to the higher plants and 
animals — is so immense Ihal It is not lo be abandoned withoui very good and 

In my own experience I have found thai the difficulty may be largely met by a 
compromise ; namely, by besinning ibc work of the cla» by'a comparative study 
of one of the higher plants (flowering planior fern) and of one of the higher animals 
(rabbit, frog, or crayfish). 

By the time this introductory work is over, the student of average intelligence 
has overcome preliminary difficuliiei, and is ready lo profit by ihe second and 
mure systematic part of the course, in which organisms are studied in the order of 
increasmg complexity. 

Il is such a course of general elementary biology which I have aiiempted (o give 
in the following Lessons, my aim having been lo provide a book which may supply 
in lh« study (he place occupied in the laWiIory by " Huxley and Martin," bygiviiw 
the conneued narrative which would be out ot place in a practical haitdbook. 1 
also venture to hope that the work may be of some use lo students who have studied 
loology and botany as separate subjects, as well as that large class of worker* whose 
services lo English science often receive but scant recognition, — I mean amateur 
microscopisls. 

As to the general treatment of the subject I have been guided by three piinci- 
ples. Firstly, that the main object of teaching biology as part of a liberal education 
a to familiariie the student not so much with the facts as with the idea* of science. 
Secondly, that such ideas are best underitnod. at least by beginners, when studied 
in connection with concrete types of animals and plants. And. thirdly, that the 
types chosen should illustrate without unnecessary complication the particular 
grade of organiiaiion they are intended to typify, and thai exceptional cases arc out 
of place in an elementary course. 

The type* have therefore been »eleclcd with a view of illustrating all the more 
imporuni modificationit of structure, and the chief physiological procecies in plant* 
and animals ; and by Ihe occasional introduction of special lessons on such sub- 
jects an biogenesis, evolution, etc. the entire work is so arranged as to nvc a fairly 
connected account of the general principles of biolog*. It is tn obedience lo ibe 
last of the principles just enunciated that I have described so many of Ihe Protozoa, 
omitted alt but a brief relerence to the development of Hydra, and to the sexual 
process in Penicillium, and described Nitella instead of Chara, and Polygordiui 
■nsicad of the earthworm. The last-named substitution is of course only made 
possible by the book being intended for Ihe study and noi for the laboialory. but I 
teel convinced that the itudeni who maalers the structure of Polygordius. even from 
figures and descriptions alone, will be In a far better position to profit by a practical 
«udv of one of the higher worms, — A^osv /*/ /Vc/n 

We have nothing but — ■--<-■•- «-....•... 
•eti forth what is tnon 
on any treatise wc have 
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THE MYOLOGY OF THE RAVEN. 

(Corvus Corax Sinuatus.) 

A Guide to the Study of the Muscular System in Biids. 
By R. W. SHUFELDT. 

With numerous illustrations drawn by the author, a Bibliography and 

Index. 8vo. $4.00. 

The reviewer has gone through this valuable contribution to comparative 
anatomy with some care, and is glad to say that on the first of the above-mentioned 
points (the accuracy and exactness of the author's statements) he has no criticism 
to offer. Dr. Shufeldt has shown himself master of the subject, and deserves the 
thanks of all naturalists. Indeed, the work is one of which American scientists 
have reason to be proud, and it seems out of place to make any criticism. Inaccu- 
racies of statement have been diligently sought for but with negative results. 

In conclusion the reviewer wishes to reiterate the statement that the volume 
which he has the honor of introducing to the readers of this journal is worthy of its 
dble, diligent author, and a credit to the scientific workers of this country. — From 
the Journal of Comparative Med. and Vet, Archives, 
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